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S h a p e  m e m o r y  e f f e c t  i s  a  p h e n o m e n o n  i n  w h i c h  a  s p e c i m e n ,  
a p p a r e n t l y  p l a s t i c a l l y  d e f o r m e d  a t  s o m e  l o w  t e m p e r a t u r e ,  r e v e r t s  
t o  i t s  u n d e f o r m e d  o r i g i n a l  s h a p e  p n  h e a t i n g  t o  a  s o m e w h a t  
h i g h e r  t e m p e r a t u r e .  A  c o m m o n  p r o p e r t y  o f  a l l  t h e  s y s t e m s  t h a t  
s h o w  t h i s  e f f e c t  i s  t h a t  t h e y  a l l  e x h i b i t  a  t h e r m o - e l a s t i c  
m a r t e n s i t i c  t r a n s f o r m a t i o n ,  a n d  t h e  s h a p e  m e m o r y  e f f e c t  i s  
o b s e r v e d  w h e n  t h e  a l l o y  i s  d e f o r m e d  a t  a  p a r t l y  o r  w h o l l y  
m a r t e n s i t i c  c o n d i t i o n  a n d  t h e n  h e a t e d  t o  t h e  m a t r i x  p h a s e .
T h e  m a t r i x  i s  u s u a l l y  h i g h l y  o r d e r e d  a n d  t h e  m a r t e n s i t e  
i n v a r i a b l y  i n h e r i t s  t h e  o r d e r  o f  t h e  m a t r i x  p h a s e .
I n  t h e  p r e s e n t  i n v e s t i g a t i o n s ,  a n  a t t e m p t  h a s  b e e n  m a d e  
t o  s t u d y  t h e  e f f e c t  o f  o r d e r  o n  t h e  m a r t e n s i t i c  t r a n s f o r m a t i o n  
c h a r a c t e r i s t i c s  i n  t h e  s y s t e m  C u - Z n - M n ,  s h o w i n g  t h e  s h a p e  
m e m o r y  e f f e c t .  I n v e s t i g a t i o n s  h a v e  b e e n  d i r e c t e d  t o w a r d s  
d e t e r m i n i n g  t h e  e f f e c t  o f  m a n g a n e s e  c o n t e n t  a n d  t h e  e f f e c t  o f  
l o w  t e m p e r a t u r e  a g e i n g  a n d  q u e n c h i n g  o n  o r d e r i n g ,  a n d  t h e r e b y  
o n  m a r t e n s i t i c  t r a n s f o r m a t i o n s .  R e s i s t a n c e  m e a s u r e m e n t  w i t h  
t e m p e r a t u r e  a n d  t e n s i l e  t e s t i n g  m e t h o d s  h a v e  b e e n  u s e d  t o  s h o w  
t h a t  m a n g a n e s e  u p  t o  1 0  a t  % a c t s  a l m o s t  l i k e  z i n c  i n  C u - Z n - M n  
a l l o y s .  L o w  t e m p e r a t u r e  a g e i n g  a n d  q u e n c h i n g  o f  t h e  m a t r i x  
p h a s e  r e s u l t  i n  r i s e s  i n  M g t e m p e r a t u r e  w h i c h  a r e  p r o p o r t i o n a l  
t o  t h e  m a n g a n e s e  c o n t e n t  a n d  t h e  t e m p e r a t u r e  o f  a g e i n g .  T h e  
e n t r o p y  c h a n g e  a c c o m p a n y i n g  t h e  m a r t e n s i t i c  t r a n s f o r m a t i o n  i s  
i n d e p e n d e n t  o f  h e a t  t r e a t m e n t  a n d  i s  a l m o s t  t h e  s a m e  a s  t h a t  
f o u n d  i n  C u - Z n  a l l o y s ,  s u g g e s t i n g  t h a t  t h e  m a r t e n s i t e  i n h e r i t s  
t h e  o r d e r  o f  t h e  p a r e n t  p h a s e .  T h e  m a t r i x  p h a s e  u n d e r g o e s
s e c o n d a r y  o r d e r i n g  t r a n s i t i o n ,  B 2  - * D 0 3 / L 2 ,  i n  a d d i t i o n  t o  
t h e  p r i m a r y  o r d e r i n g  t r a n s i t i o n  A 2  ->• B 2  a t  h i g h  t e m p e r a t u r e s .  
B e c a u s e  o f  r a p i d  d i f f u s i o n ,  a g e i n g  a b o v e  t h e  B 2  D C t y / L ^  
t r a n s i t i o n  t e m p e r a t u r e  d o e s  n o t  p r o d u c e  m a r k e d l y  d i f f e r e n t  
s t r u c t u r e s  t h a n  a g e i n g  a t  l o w e r  t e m p e r a t u r e s .  T h e  e f f e c t s  
o n  M g d u e  t o  a g e i n g  a n d  q u e n c h i n g  a r e  e s s e n t i a l l y  a t t r i b u t e d  
t o  d i s o r d e r i n g  o f  t h e  p a r e n t  p h a s e .
S t a r t i n g  w i t h  c a l c u l a t i o n s  b a s e d  o n  a n  i m p r o v e d  BWG m o d e l  
t o  t a k e  i n t o  a c c o u n t  t h e  t o t a l  o r d e r i n g  b e h a v i o u r  i n  t h e  8- p h a s e ,  
i t  i s  d e m o n s t r a t e d  t h a t  a n  e x p l i c i t  c a l c u l a t i o n  o f  t h e  M g 
t e m p e r a t u r e  c a n  b e  m a d e  b y  c o m b i n i n g  o r d e r i n g  d a t a  f o r  b o t h  
t h e  p a r e n t -  a n d  p r o d u c t  p h a s e s  w i t h  a  r e g u l a r  s o l u t i o n  m o d e l  
a n d  p h a s e  s t a b i l i t i e s .  I t  i s  a l s o  s h o w n  t h a t  s u c h  a  t h e r m o ­
d y n a m i c  a n a l y s i s  p e r f o r m e d  o n  b i n a r y  C u - Z n  a n d  t e r n a r y  C u - Z n - M n  
a l l o y s  s a t i s f a c t o r i l y  a c c o u n t s  f o r  b o t h  t h e  r e t r o g r a d e  s o l i d u s  
t h a t  a r e  s o  c h a r a c t e r i s t i c  o f  t h e s e  a l l o y s ,  a n d  t h e  v a r i a t i o n
o f  M  w i t h  c o m p o s i t i o n .  T h e  r i s e s  i n  M  w i t h  l o w  t e m p e r a -  
s  s
t u r e  a g e i n g  a n d  q u e n c h i n g  a r e  s h o w n  t o  b e  d u e  t o  t h e  o r d e r i n g  
e n e r g y  b e i n g  h i g h e r  i n  t h e  8~ p h a s e  t h a n  i n  t h e  a - p h a s e .  I t  i s  
s u g g e s t e d  t h a t  i n  t h e  s y s t e m  C u - Z n - A l ,  w h e r e  M g i s  d e p r e s s e d  
o n  d i s o r d e r i n g ,  t h e  r e v e r s e  i s  t h e  c a s e .
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1C H A P T E R  1
I N T R O D U C T I O N
A n y  a l l o y  w h o s e  r e t a i n e d  m e t a s t a b l e  h i g h  t e m p e r a t u r e  
p h a s e  u n d e r g o e s  e x t e n s i v e  d e f o r m a t i o n  b e l o w  a  c r i t i c a l  t e m p ­
e r a t u r e  t h a t  i s  r e c o v e r a b l e  o n  h e a t i n g  i s  s a i d  t o  e x h i b i t  
s h a p e  m e m o r y  e f f e c t .  T h e  s y s t e m s  t h a t  e x h i b i t  t h i s  p h e n o m e n o n ,
e . g .  T i - N i ( 1 ) , C u - A l - N i ( 2 ) , C u - Z n - A l ( 3 ) ,  C u - Z n - S i ( 4 ) , A u ~ C d ( s ) , 
(6)
A u - C u - Z n  ,  e t c . ,  a l l  u n d e r g o  a  p a r t i a l  o r  c o m p l e t e  m a r t e n s i t i c
t r a n s f o r m a t i o n  o n  q u e n c h i n g  f r o m  h i g h  t e m p e r a t u r e ,  a n d
s t r e s s i n g  a c c e n t u a t e s  t h i s  p h e n o m e n o n .  M u c h  o f  t h i s  w o r k  h a s
(7 )
b e e n  r e v i e w e d  q u i t e  r e c e n t l y  . A l m o s t  a l l  t h e  a l l o y  s y s t e m s  
t h a t  e x h i b i t  t h i s  e f f e c t  s e e m  t o  h a v e  t h e  f o l l o w i n g  c o m m o n  
f e a t u r e s  :
1 )  T h e  p a r e n t  p h a s e  i s  h i g h l y  o r d e r e d - .
2 )  T h e  m a r t e n s i t i c  t r a n s f o r m a t i o n  i s  t h e r m o - e l a s t i c .
3 )  T h e  t r a n s f o r m a t i o n  e x h i b i t s  t w i n n i n g  o r  f a u l t i n g  m o d e .
T h e s e  o b s e r v a t i o n s  h a v e  l e d  s o m e  p i o n e e r  w o r k e r s  i n  t h i s  f i e l d
t o  p r o p o s e  t h a t  t h e  h i g h  d e g r e e  o f  o r d e r  i n  t h e  p a r e n t  p h a s e
a n d  t h e  t h e r m o - e l a s t i c  n a t u r e  o f  m a r t e n s i t i c  t r a n s f o r m a t i o n
a r e  p r e r e q u i s i t e s  f o r  s h a p e  m e m o r y  e f f e c t  t o  e x i s t ^
T h e o r e t i c a l  c o n s i d e r a t i o n s  b a s e d  o n  f a u l t  e m b r y o  m o d e l s  h a v e
(9)
l e d  C o h e n  a n d  O l s o n '  t o  c o n c l u d e  t h a t  t h e r e  i s  o n l y  o n e  
s i n g l e  n e c e s s a r y  a n d  s u f f i c i e n t  c o n d i t i o n  f o r  t h e r m o - e l a s t i c  
b e h a v i o u r  o f  m a r t e n s i t i c  t r a n s f o r m a t i o n ,  n a m e l y  t h e  r e l a t i v e  
a b s e n c e  o f  p l a s t i c  a c c o m m o d a t i o n  f o r  t h e  t r a n s f o r m a t i o n a l  
s h a p e  c h a n g e ,  a n d  i t  h a s  b e e n  s h o w n  t h e o r e t i c a l l y  t h a t  a  h i g h  
d e g r e e  o f  o r d e r  i n  t h e  p a r e n t  p h a s e  c o u l d  r e s u l t  i n  g r e a t e r
2e l a s t i c  a c c o m m o d a t i o n  o f  t h e  t r a n s f o r m a t i o n a l  s h a p e  c h a n g e ,  
a n d  t h e r e b y  g r e a t e r  d e g r e e  o f  t h e r m o - e l a s t i c i t y .  H o w e v e r ,  
q u a n t i t a t i v e  d a t a  r e g a r d i n g  t h e  e f f e c t  o f  v a r i o u s  d e g r e e s  
o f  o r d e r  o n  m a r t e n s i t i c  t r a n s f o r m a t i o n  c h a r a c t e r i s t i c s  a r e  
n o t  a v a i l a b l e  f o r  t h e  s y s t e m s  s h o w i n g  s h a p e  m e m o r y  e f f e c t .
I n  v i e w  o f  t h e  p o t e n t i a l  a p p l i c a t i o n s  o f  t h e  s h a p e  m e m o r y  
e f f e c t ,  i t  h a s  b e c o m e  i m p o r t a n t  t o  e x p l o r e  i n  d e t a i l  t h e  
o r d e r i n g  p h e n o m e n o n  a n d  i t s  e f f e c t  o n  m a r t e n s i t i c  c h a r a c t e r ­
i s t i c s  s o  a s  t o  e n a b l e  p r e d i c t i o n  o f  m a r t e n s i t i c  t r a n s f o r m a t i o n  
b e h a v i o u r  u n d e r  a  g i v e n  s e t  o f  c i r c u m s t a n c e s  f o r  a  g i v e n  
s y s t e m  e x h i b i t i n g  t h e  m e m o r y  e f f e c t .
T h e  p r e s e n t  i n v e s t i g a t i o n s  w e r e  u n d e r t a k e n  w i t h  t h i s  
o b j e c t  i n  v i e w .  T h e  t e r n a r y  s y s t e m  C u - Z n - M n  w a s  c h o s e n  
b e c a u s e  i t  w a s  e x p e c t e d  t h a t  r e t e n t i o n  o f  v a r i o u s  d e g r e e s  o f  
o r d e r  b y  h e a t  t r e a t m e n t  a l o n e  w o u l d  b e  f e a s i b l e  i n  t h i s  
s y s t e m ,  e l i m i n a t i n g  t h e  n e c e s s i t y  o f  h a v i n g  t o  c h a n g e  a l l o y  
c o m p o s i t i o n  t o  c h a n g e  t h e  d e g r e e  o f  o r d e r .  M o r e o v e r ,  t h e r e  
i s  n o  d a t a  o n  m a r t e n s i t i c  t r a n s f o r m a t i o n s  i n  t h i s  s y s t e m ,  i n  
s p i t e  o f  i t s  s u g g e s t e d  s u i t a b i l i t y  a s  a  g o o d  r e p l a c e m e n t  f o r  
n i c k e l  i n  C u - Z n - N i  a l l o y s . T h e  p r e s e n t  s t u d y  h a s  b e e n  
d i r e c t e d  t o w a r d s  t h e  d e t e r m i n a t i o n  o f  t h e  e f f e c t  o f  m a n g a n e s e  
o n  m a r t e n s i t i c  t r a n s f o r m a t i o n  b e h a v i o u r  a n d  t h e  e f f e c t  o f  
p a r e n t  p h a s e  h e a t  t r e a t m e n t  o n  t h e  s u b s e q u e n t  m a r t e n s i t i c  
t r a n s i t i o n .  A t t e m p t s  h a v e  b e e n  m a d e  t o  e x p l a i n  t h e  r e s u l t s  
b y  r e l a t i n g  t h e  e f f e c t s  o b s e r v e d  t o  f r e e  e n e r g y  c h a n g e s  
a t t e n d a n t  o n  o r d e r i n g .
T h i s  t h e s i s  i s  d i v i d e d  i n t o  f o u r  m a j o r  p a r t s .  T h e  
f i r s t  p a r t  d e a l s  w i t h  r e l e v a n t  l i t e r a t u r e  o n  m a r t e n s i t i c
3t r a n s f o r m a t i o n  i n  n o b l e  m e t a l  b a s e d  a l l o y s  a n d  e x p e r i m e n t a l  
o b s e r v a t i o n s  r e l a t i n g  t o  t h e  e f f e c t  o f  h e a t  t r e a t m e n t  o n  s u c h  
t r a n s f o r m a t i o n s  t h r o u g h  c h a n g e s  i n  o r d e r i n g  c h a r a c t e r i s t i c s  
i n  t h e  p a r e n t  p h a s e .  T h e  s e c o n d  p a r t  d e a l s  w i t h  t h e  f o r m a l i s m  
o f  t h e  m o d e l  a d o p t e d  h e r e  f o r  d e s c r i b i n g  t h e  o r d e r i n g  
b e h a v i o u r  i n  B C C  a n d  F C C  a l l o y s .  T h e  v a r i o u s  f a c t o r s  
i n v o l v e d  i n  t h e  c a l c u l a t i o n  o f  t h e  f r e e  e n e r g i e s  a r e  a l s o  
d i s c u s s e d .  I n  t h e  t h i r d  p a r t ,  t h e  e x p e r i m e n t a l  t e c h n i q u e s  
a n d  r e s u l t s  o b t a i n e d  f o r  t h e  s y s t e m  C u - Z n - M n  a r e  d e s c r i b e d .
T h e  f i n a l  p a r t  c o n s i s t s  o f  a n  a n a l y s i s  o f  t h e  r e s u l t s  o n  t h e  
b a s i s  o f  t h e  m o d e l  a d o p t e d  a n d  t h e  c o n c l u s i o n s  d r a w n  f r o m  t h e  
p r e s e n t  s t u d y .
4C H A P T E R  2
L I T E R A T U R E  R E V I E W  ( E X P E R I M E N T A L )
2 *1 G E N E R A L
T h e  c r y s t a l  s t r u c t u r e  a n d  m i c r o s t r u c t u r e  o f  t h e  m a t r i x  
3 - p h a s e  d e p e n d s  s e n s i t i v e l y  o n  i t s  e x a c t  c o m p o s i t i o n ,  t e m p e r ­
a t u r e ,  p r e s s u r e ,  a n d  t h e r m a l  h i s t o r y ,  a n d  t h e s e  f e a t u r e s  i n  
t u r n  i n f l u e n c e  s t r o n g l y  t h e  m a r t e n s i t i c  p h a s e .  I n  t h i s  
c h a p t e r  t h e  c h a r a c t e r i s t i c s  o f  t h e  3~ p h a s e  a n d  t h e  p r o d u c t  
m a r t e n s i t i c  p h a s e  i n  t h e  n o b l e  m e t a l  b a s e d  s y s t e m s  w i l l  b e  
r e v i e w e d .  T h e r e  a l r e a d y  e x i s t  t w o  e x c e l l e n t  a n d  e x h a u s t i v e  
r e v i e w s ,  o n e  o n  " M a r t e n s i t i c  t r a n s f o r m a t i o n s  i n  n o b l e  m e t a l  
b a s e d  a l l o y s " ^  ^  , a n d  t h e  o t h e r  o n  " S h a p e  m e m o r y  e f f e c t " ^  \  
T h e  p r e s e n t  r e v i e w  i s  b a s e d  o n  t h e s e  t o  s o m e  e x t e n t ,  b u t  i s  
d e s i g n e d  t o  f o c u s  m o r e  a t t e n t i o n  o n  i n f o r m a t i o n  t h a t  h a s  
d i r e c t  r e l e v a n c e  t o  o r d e r i n g  i n  3 - p h a s e  a n d  i t s  i n f l u e n c e  o n  
m a r t e n s i t i c  t r a n s i t i o n .
2 - 2 A L L O Y  S Y S T E M S  W I T H  S T A B L E  3 “ P H A S E
I t  h a s  b e e n  k n o w n  f o r  a  l o n g  t i m e  t h a t  t h e  c r y s t a l
s t r u c t u r e  a n d  t h e  c h e m i c a l  c o m p o s i t i o n  o f  t h e  p h a s e s  o c c u r r i n g
i n  n o b l e  m e t a l  b a s e d  s y s t e m s  a r e  r e l a t e d  t o  a  c e r t a i n
( 12)
e l e c t r o n / a t o m  r a t i o  . T h u s ,  w h e n  m e t a l s  o f  h i g h e r  
v a l e n c y  a r e  a d d e d  t o  c o p p e r ,  s i l v e r ,  o r  g o l d ,  s i m i l a r  p h a s e s  
u s u a l l y  a p p e a r  a t  s i m i l a r  e l e c t r o n  c o n c e n t r a t i o n s ;  t h e  a  - ( F C C )  
p h a s e  b o u n d a r y  i s  r e a c h e d  a t  a n  e l e c t r o n  c o n c e n t r a t i o n  o f  1 . 4 ,  
a  3 - p h a s e  ( o f t e n  B C C )  a p p e a r s  a t  1 . 5 ,  a n d  s o  o n .  H . J o n e s  
p r o p o s e d  t h a t  t h e s e  e f f e c t s  c o m e  f r o m  t h e  B r i l l o u i n  Z o n e
5S t r u c t u r e  o f  t h e  a l l o y s ^  . B r i l l o u i n  z o n e s  a r e  v o l u m e s  
i n  r e c i p r o c a l  v e c t o r  s p a c e  w h i c h  e n c l o s e  t h e  a l l o w e d  e n e r g y  
v a l u e s  f o r  t h e  f r e e  e l e c t r o n s  i n  a  c r y s t a l .  I t  w a s  s h o w n  
b y  H . J o n e s  t h a t  t h e  n u m b e r  o f  e l e c t r o n s  t h a t  c a n  b e  a c c o m m o ­
d a t e d  i n  t h e s e  z o n e s  i s  d i f f e r e n t  f o r  t h e  t w o  p h a s e s  B C C  a n d  
F C C  a n d  t h a t  t h e i r  r e l a t i v e  s t a b i l i t i e s  w e r e  a  f u n c t i o n  o f  
e l e c t r o n  c o n c e n t r a t i o n .  H i s  e s t i m a t e  o f  t h e  e n e r g y  d i f f e r e n c e  
b e t w e e n  t h e  F C C  a n d  B C C  p h a s e s  a s  a  f u n c t i o n  o f  e/ a  i s  
s h o w n  i n  F i g . 2 . 1 .  H o w e v e r ,  o t h e r  f a c t o r s  l e a d  t o  c o n s i d e r a b l e  
v a r i a t i o n s  i n  t h e  p h a s e  d i a g r a m s .
F I G . 2 . 1  : T h e  d i f f e r e n c e  b e t w e e n  F e r m i  e n e r g i e s
o f  F C C  ( o t )  a n d  B C C  ( 3) s t r u c t u r e s  a s
a  f u n c t i o n  o f  e /  ( R e f . 1 3 ) .
a
S o l u t e  e l e m e n t s  f o r m i n g  3 “• p h a s e  a l l o y s  w i t h  c o p p e r ,
111)
s i l v e r ,  a n d  g o l d  a r e  g i v e n  i n  F i g . 2 . 2
6- c  «-M4* a  4
F I G . 2 . 2  : T h e  p o s i t i o n s  o f  t h e  S o l v e n t  ( A )  a n d
S o l u t e  ( B  a n d  C )  c o m p o n e n t s  i n  t h e  
p e r i o d i c  t a b l e .  T h e  s m a l l  b o x e s  
i n d i c a t e  t h e  s o l v e n t  w h i c h  f o r m s  a  
8- p h a s e  w i t h  t h e  r e s p e c t i v e  s o l u t e  
e l e m e n t  ( R e f . 1 1 ) .
I n  n u m e r o u s  b i n a r y  a n d  t e r n a r y  s y s t e m s  t h e  8- p h a s e  i s - s t a b l e  
o v e r  a  l a r g e  c o m p o s i t i o n  a n d  t e m p e r a t u r e  r a n g e  ( F i g . 2 . 3 ) .
F I G . 2 . 3  : S h a p e  o f  8 - p h a s e  f i e l d s  i n  c o p p e r  a n d  s i l v e r  
a l l o y s  C R e f . 1 2 5 ) .
72 . 3  C R Y S T A L  S T R U C T U R E S  O F  T H E  D I S O R D E R E D
A N D  O R D E R E D  g - P H A S E S
T h e  B r a v a i s  l a t t i c e  o f  t h e  g - p h a s e  i n  n o b e l  m e t a l  
b a s e d  a l l o y s  i s  B C C .  I n  s o m e  s y s t e m s  i t  i s  o r d e r e d ,  a n d  
i n  s o m e  o t h e r s  i t  i s  d i s o r d e r e d .  T h e  B C C  s u p e r l a t t i c e  
s t r u c t u r e s  a r e  :
( a )  T h e  C s C l  . s t r u c t u r e  ( F i g . 2 . 4 )  ( B  2 ;  p h a s e  s y m b o l  82 ) 
w h e r e  b o t h  t h e  b i n a r y  a n d  t e r n a r y  B 2  s t r u c t u r e s  h a v e  
t o  b e  c o n s i d e r e d ;  s t o i c h i o m e t r i c  c o m p o s i t i o n  A B  f o r  
b i n a r y  a n d  A ( B , C )  o r  ( A , C ) B  f o r  t e r n a r y .
( b )  T h e  F e ^ A l  s t r u c t u r e  (JD C t y ; p h a s e  s y m b o l  g , )  , 
s t o i c h i o m e t r i c  c o m p o s i t i o n  A ^ B  ( F i g . 2 . 5 ) .
( c )  T h e  C u 2 M n  A l  s t r u c t u r e  ( F i g . 2 . 6 ) ( L  2 ^  ; p h a s e  s y m b o l
g ^ ) ,  s t o i c h i o m e t r i c  c o m p o s i t i o n  A ^  B C .  L 2 ^  s t r u c t u r e  
i s  t h e  s a m e  a s  DCty e x c e p t  t h a t  t h e  B  a t o m s  a r e  
s u b s t i t u t e d  b y  C a t o m s  i n  p o s i t i o n s  2 a n d  4 o f
F i g . 2 . 7 .
T h e  s u p e r l a t t i c e s  m a y  a l l  b e  d e s c r i b e d  i n  t e r m s  o f  f o u r  
i n t e r p e n e t r a t i n g  F C C  l a t t i c e s  c o r r e s p o n d i n g  t o  e i g h t  B C C  
u n i t  c e l l s  w i t h  d i f f e r e n t  o c c u p a t i o n  p r o b a b i l i t i e s  o f  s u b ­
l a t t i c e s  b y  A ,  B ,  a n d  C a t o m s .  B o t h  t h e  B 2  a n d  D 0 3 / L 2 ^  
s t r u c t u r e s  m a y  o c c u r  a t  d i f f e r e n t  c o m p o s i t i o n s  a n d  t e m p e r a t u r e s  
i n  b i n a r y  a n d  t e r n a r y  a l l o y s ,  e . g .  F e  A l  A u - C u - Z n ^ ^ ^
t h e o r e t i c a l  p r e d i c t i o n s  a n d  e x p e r i m e n t a l  v e r i f i c a t i o n  o f  
t h e  e x i s t e n c e  o f  t w o  o r d e r e d  p h a s e  f i e l d s  h a v e  b e e n  c a r r i e d  
o u t  f o r  s o m e  s y s t e m s ,  e . g .  F e - S i ^ £ 8 ^ ,  A u - C u - Z n ^ ^ . A t o m i c  
o r d e r i n g  c a u s e s  t e t r a g o n a l  o r  o r t h o r h o m b i c  d i s t o r t i o n s .
F I G . 2 . 4 F I G . 2 . 5
F I G . 2 .6 F I G . 2 . 7
T h e  u n i t  c e l l s  o f  t h e  B 2  ( 2 . 4 )  , DCty ( 2 . 5 )  
a n d  L 2^  ( 2 . 6 ) s t r u c t u r e s  a n d  t h e  g e n e r a l i s e d  
u n i t  c e l l  ( 2 . 7 ) .
8H o w e v e r ,  t h e  o r d e r e d  u n i t  c e l l  o f  t h e  g - p h a s e  m a y  b e  t e t r a -  
g o n a l l y  d i s t o r t e d  f o r  r e a s o n s  o t h e r  t h a n  a t o m i c  o r d e r i n g  .
2 . 4  S T R U C T U R A L  I N S T A B I L I T Y  O F  g - P H A S E S  
A T  LOW  T E M P E R A T U R E S
V a r i e t i e s  o f  a n o m a l o u s  e f f e c t s  t e r m e d  ' p r e m a r t e n s i t i c
p h e n o m e n a '  o c c u r  i n  t h e  p a r e n t  g - p h a s e  a s  t h e  t e m p e r a t u r e  i s
l o w e r e d  a n d  i s  j u s t  a b o v e  m a r t e n s i t i c  S t a r t  t e m p e r a t u r e ,  M .
(2 1 )
T h e s e  i n c l u d e  s o f t e n i n g  o f  e l a s t i c  c o n s t a n t s  ( F i g . 2 . 8 ) ,
r e s i s t i v i t y  a n o m o l i e s   ^ 2 2  ^ ,  d i f f u s e  d i f f r a c t i o n  e f f e c t s ^ 2 3 ^ ,
( 2 4 )
a n d  c a l o r i m e t r i c  e f f e c t s
Csl
100 200 300 400
T e m p e r a t u r e  *K
F I G . 2 .8 :  A  p r e m o n i t o r y  l a t t i c e  s o f t e n i n g  o f
^C l l  ~  C 1 2 ^
. ---------------—  i n  g - p h a s e  a l l o y s  ( R e f . 2 1 ) .
N u m e r o u s  B C C  m e t a l s  a n d  a l l o y  p h a s e s  e x h i b i t  a  d e c r e a s i n g  
m a g n i t u d e  o f  C ' =  ^  3 e l a s t i c  s h e a r  m o d u l u s  w i t h
d e c r e a s i n g  t e m p e r a t u r e ,  t h u s  i n d i c a t i n g  a  d e c r e a s e  i n  
s t r u c t u r a l  s t a b i l i t y  w i t h  r e s p e c t  t o  { 1 1 0 } < l ! o >  s h e a r s .
9R o t h e r y  p h a s e s ,  a n d  h a s  b e e n  i n v e s t i g a t e d  f o r  s e v e r a l  m e t a l s  
a n d  a l l o y  s y s t e m s .  F r o m  t h e  e x p e r i m e n t a l  d e t e r m i n a t i o n  o f
t h e  a n i s o t r o p y  r a t i o  A  =  C 4 /  / C  i n  t h e  b i n a r y  a n d  t e r n a r y
(nr )  f'?!}
A u - C d  a n d  t h e  A u - C u ~ Z n  “  a l l o y s  a n d  o t h e r  B C C  p h a s e s ,
t h e  f o l l o w i n g  f e a t u r e s  a r e  n o t i c e a b l e  :
( 1 )  ’ A '  i n c r e a s e s  w i t h  d e c r e a s i n g  t e m p e r a t u r e  a s  M s  i s  
a p p r o a c h e d  ( F i g . 2 . 9 ) .
( 2 )  " A 1 i n c r e a s e s  w i t h  c h a n g e s  i n  c o m p o s i t i o n  a s  t h e  c o n c e n ­
t r a t i o n  r a n g e  o f  i n s t a b i l i t y  t o  m a r t e n s i t e  t r a n s f o r m a t i o n  
i s  a p p r o a c h e d  ( F i g . 2 .  1 0 ) .
( 3 )  S u p e r l a t t i c e  f o r m a t i o n  a n d  o t h e r  c o h e r e n t  p r e c i p i t a t i o n  
r e a c t i o n s  u p o n  c o o l i n g  3 r a i s e  c ' a n d  l o w e r  M g c o r r e s -
/or on)
p o n d i n g l y  '  . H o w e v e r ,  i t  i s  w o r t h  n o t i n g  f r o m
T a b l e  2 . 1  t h a t  t h e  ' A 1 v a l u e s  n e a r  t h e  o n s e t  o f  m a r t e n s i t i c  
t r a n s f o r m a t i o n s  f o r  d i f f e r e n t  s y s t e m s  d i f f e r  w i d e l y ,  
w h e r e a s  t h e  s h e a r  m o d u l u s  C 1 i s  m o r e  o r  l e s s  t h e  s a m e  
( s I O * - *  d y n e s / c m 2 ) . T h i s  v a l u e  o f  C 1 i s  a l s o  o b s e r v e d
12 8)
i n  s o m e  C u - Z n - X  s y s t e m s  u n d e r g o i n g  m a r t e n s i t i c  t r a n s i t i o n  
H o w e v e r ,  t h e r e  s e e m s  t o  b e  n o  s i g n i f i c a n t  c h a n g e  i n  t h e  
v a l u e  o f  t h e  s h e a r  m o d u l u s  w i t h  c o m p o s i t i o n  o r  w i t h  t e m p ­
e r a t u r e ,  e v e n  n e a r  M  ,  i n  t h e s e  a l l o y s .
E v i d e n c e  h a s  ' b e e n  p u t  f o r w a r d  f o r  t h e  o c c u r r e n c e  o f  
1 W1 t y p e  p h a s e  f o r m i n g  b y  a  d i s p l a c i v e  m e c h a n i s m  b e f o r e  
m a r t e n s i t i c  t r a n s f o r m a t i o n  i n  s y s t e m s  C u ~ Z n ^ 2 ^  a n d  C u - A l - M n ^ 3 0 ^ .  
T h e  l o w e r i n g  o f  t h e  c ' o c c u r s  s i m u l t a n e o u s l y  w i t h  ' t o 1 p r e c i p i ­
t a t i o n  i n  t h e s e  s y s t e m s .  H o w e v e r ,  t h e r e  i s  a s  y e t  n o  d i r e c t  
e v i d e n c e  t o  l i n k  ' i o 1 f o r m a t i o n  w i t h  s u b s e q u e n t  m a r t e n s i t i c  
t r a n s i t i o n s  i n  t h e s e  s y s t e m s .
( 2 5 )T h i s  w a s  p o i n t e d  o u t  b y  Z e n e r  w i t h  r e g a r d  t o  t h e  3 “ H u m e
Anisotropy  Ra t i o and Shear Modulus Values Near b 
In  Some Noble M eta l  Based Systems
T a b l e  2 , 1
System
Shear Modulus Cl
■,^ ‘c l l - c/1 2 V cl° "Dynes/cm
Anisotropy  
R a t io  
Arr- C44 /C
£ i n Pj
fa Ln
! ! 1
0 .92 11.6
Au-Cd 0. 86 1—1 fa
Cu~Zn
(45-48) 0, 87 5 -10
Au-Zn 0 .9 3 .3
Au CUrC Zn.j- x 55~x 45 0, 3 > 16
Reference
No.
(26)
(26)
( 1 27 ) ,  (29
(127) 
(21)
F I G . 2 . 9  : A n i s o t r o p y  r a t i o
A  f o r  A u - C d  a l l o y s  a s  a  
f u n c t i o n  o f  t e m p e r a t u r e  
( R e f . 2 6 ) .
<
o
<
o c
>-0.
oQC»—
otn
z<
TEMPERATURE C
F I G . 2 . 1 0  : C o m p o s i t i o n a l  
d e p e n d e n c e  o f  t h e  A O
t e m p e r a t u r e  a n d  t h e  e l a s t i c  
a n i s o t r o p y  ( R e f . 2 1 ) .
1 0
2 * 5 M A R T E N S I T I C  T R A N S F O R M A T I O N  I N  
N O B L E - M E T A L  B A S E D  S Y S T E M S
A c c o r d i n g  t o  M e y r i c k  a n d  P o w e l l  : " a  m a r t e n s i t i c  
t r a n s i t i o n  i s  a  s t r u c t u r a l  c h a n g e  g e n e r a t e d  b y  a t o m i c  d i s p l a c e ­
m e n t s  a n d  n o t  a c h i e v e d  b y  d i f f u s i o n ,  c o r r e s p o n d i n g  t o  a  
h o m o g e n e o u s  d e f o r m a t i o n  w h i c h  m a y  b e  d i f f e r e n t  i n  s m a l l  
a d j a c e n t  r e g i o n s  a n d  w h i c h  g i v e s  r i s e  t o  a n  i n v a r i a n t  p l a n e  
s t r a i n  t h r o u g h  w h i c h  t h e  p a r e n t  a n d  p r o d u c t  a r e  r e l a t e d  b y  a  
s u b s t i t u t i o n a l  l a t t i c e  c o r r e s p o n d e n c e ,  a n  i r r a t i o n a l  h a b i t  
p l a n e ,  a n d  a  p r e c i s e  o r i e n t a t i o n  r e l a t i o n s h i p " .  T h e  f e a t u r e s  
u s u a l l y  a n d  n o t  n e c e s s a r i l y  a s s o c i a t e d  w i t h  m a r t e n s i t i c  
t r a n s i t i o n s  a r e  t h a t  :
( 1 ) t h e  t r a n s f o r m a t i o n  i s  d l f f u s i o n l e s s , i . e .  t h e  c o m p o s i t i o n  
r e m a i n s  t h e  s a m e  a n d  o r d e r e d  p h a s e s  t r a n s f o r m  t o  
o r d e r e d  p h a s e s ;
p e r
( 2 ) t h e  s t a r t i n g  t e m @ ® p a t u r e  M  v a r i e s  w i t h  c o m p o s i t i o nO
a n d  a l l o y i n g  a d d i t i o n s ;
( 3 )  t h e  t r a n s f o r m a t i o n  i s  a t h e r m a l  a n d  r e v e r s i b l e  w i t h  a  
t e m p e r a t u r e  h y s t e r e s i s ;
( 4 )  d e f o r m a t i o n  a b o v e  M  ( . b u t  c l o s e  t o  M  ) c a u s e sS  3
t r a n s i t i o n  i n t o  t h e  m a r t e n s i t i c  p h a s e  c o n s i s t e n t  w i t h  
t h e  s h e a r  n a t u r e  o f  t h e  t r a n s f o r m a t i o n .
T h e  d i f f e r e n t  t y p e s  o f  m a r t e n s i t e s  a s  c h a r a c t e r i s e d  b y  
t h e i r  s t r u c t u r e s , m i c r o s t r u c t u r a l  f e a t u r e s , a n d  m o d e s  o f  
f o r m a t i o n ,  a r e  s y s t e m a t i c a l l y  c o m b i n e d  i n  T a b l e  1  o f  R e f . ( 1 1 )  
a l o n g  w i t h  t h e i r  p h a s e  s y m b o l s  a n d  t h e  p h a s e  a n d  s t r u c t u r e  
s y m b o l s  o f  t h e  m a t r i x  p h a s e s ,  a n d  i s  r e p r o d u c e d  h e r e  a s  T a b l e  2 . 2 .
( 3 1 )
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1 1
T h e  f i r s t  m a i n  d i v i s i o n s  o f  t h e  m a r t e n s i t i c  p h a s e  i s  g i v e n  
b y  t h e  m o d e s  o f  t r a n s f o r m a t i o n .  T h e  g r o u p  c a l l e d  ’ q u e n c h  
i n d u c e d  m a r t e n s i t e '  c o m p r i s e s  t h e  p h a s e s  f o r m e d  b y  t h e  
c o m m o n l y  k n o w n  m a r t e n s i t i c  t r a n s i t i o n s  o c c u r r i n g  i n  c o m p a c t  
s p e c i m e n s  u p o n  q u e n c h i n g .  T h e  g r o u p  c a l l e d  - ' d e f o r m a t i o n  a n d  
r e l a x a t i o n  i n d u c e d  m a r t e n s i t e '  c o n s i s t s  o f  m a r t e n s i t e s  f o r m e d  
u p o n  d e f o r m a t i o n  o f  m a t r i x  p h a s e  a n d  d u e  t o  p a r t i c u l a r  
r e l a x a t i o n  c o n d i t i o n s  p r e v a i l i n g  i n  t h i n  f o i l s ,  r e s p e c t i v e l y .
A  f u r t h e r  s u b - d i v i s i o n  o f  t h e  t r a n s f o r m a t i o n  m o d e s  i n  q u e n c h  
i n d u c e d  m a r t e n s i t e  i s  b a s e d  o n  k i n e t i c s .  D e p e n d i n g  o n  v a r i o u s  
f a c t o r s ,  a  s i n g l e  s y s t e m  m a y  e x h i b i t  o n e  p a r t i c u l a r  m o d e  o r  
a  c o m b i n a t i o n  o f  k i n e t i c  m o d e s ,  s e q u e n t i a l l y  o r  s i m u l t a n e o u s l y .  
T h e  v a r i o u s  m a r t e n s i t e s  c l a s s i f i e d  a c c o r d i n g  t o  t h e  m o d e  o f  
t r a n s f o r m a t i o n  b a s e d  o n  k i n e t i c s  a r e  :
( a )  Q u e n c h  i n d u c e d  b u r s t  m a r t e n s i t e
T h i s  m o s t  c o m m o n  m o d e  o c c u r r i n g  a t  T  $ ( <: M ) w h e r e
Jty  d e n o t e s  t h e  u p p e r  t e m p e r a t u r e  l i m i t  o f  t h e  t r a n s f o r m a t i o n  
b y  t h i s  m o d e  c o n s i s t s  o f  t h e  f o r m a t i o n  o f  c o m p a r a b l y  l a r g e  
a m o u n t s  o f  m a r t e n s i t e  ( t y p i c a l l y  1 0  t o  3 0 %  v o l u m e )  i n  ' b u r s t s '  
w h i c h  a r e  c a u s e d  b y  a u t o - c a t a l y t i c  n u c l e a t i o n  a n d  r a p i d  g r o w t h  
o f  n u m e r o u s  p l a t e s .  T h e  r e v e r s e  t r a n s f o r m a t i o n  r e q u i r e s  s u p e r ­
h e a t i n g .  T h e  h y s t e r e s i s  i s  d u e  t o  t h e  e n e r g y  r e q u i r e d  f o r  
n u c l e a t i o n  o f  t h e  r e v e r s e  t r a n s f o r m a t i o n .
t b )  S t r e s s - i n d u c e d  b u r s t  m a r t e n s i t e
T h i s  m o d e  o c c u r s  u p o n  s t r e s s i n g  t h e  m e t a s t a b l e  m a t r i x  
s p a c e  a t  M g >< T  ^ T q . N u c l e a t i o n  i s  i n d u c e d  b y  t h e  a p p l i e d  
s t r e s s ;  t h e  g r o w t h  p r o c e e d s  a s  i n  t h e  c a s e  o f  q u e n c h  i n d u c e d  
b u r s t  m a r t e n s i t e .
1 2
T h i s  m a r t e n s i t e  t r a n s f o r m a t i o n  m o d e  i s  o b s e r v e d  u p o n  
c o o l i n g  t o  I t y  £  T  £  M s  a n d  i s  c h a r a c t e r i s e d  b y  t h e  f o r m a t i o n  
o f  t h i n  p a r a l l e l - s i d e d  s i n g l e  p l a t e s  o r  w e d g e - s h a p e d  p a i r s  
o f  p l a t e s  w h i c h  f o r m  a n d  g r o w  p r o g r e s s i v e l y  a s  t h e  t e m p e r a t u r e  
i s  l o w e r e d  b e l o w  M s  a n d  w h i c h  s h r i n k  a n d  d i s a p p e a r  o n  
r e v e r s i n g  t h e  t e m p e r a t u r e  c h a n g e .  T h i s  b e h a v i o u r  a r i s e s  b e c a u s e  
t h e  m a t r i x  a c c o m m o d a t e s  t h e  s h a p e  d e f o r m a t i o n  o f  t h e  m a r t e n s i t e  
p l a t e  e l a s t i c a l l y ,  s o  t h a t  a t  a  s p e c i f i e d  t e m p e r a t u r e ,  t h e  
p l a t e  a n d  m a t r i x  a r e  i n  e q u i l i b r i u m .  A n y  c h a n g e  i n  t e m p e r a t u r e  
d i s p l a c e s  t h e  e q u i l i b r i u m ;  t h e r e f o r e  t h e  p l a t e  g r o w s  o r  
s h r i n k s : A  t y p i c a l  r e s i s t a n c e  v s  t e m p e r a t u r e  p l o t  o b t a i n e d  
d u r i n g  a  c o m p l e t e  c o o l i n g  a n d  h e a t i n g  c y c l e  f o r  a n  a l l o y  o f  
A u - C d  u n d e r g o i n g  a  t h e r m o - e l a s t i c  m a r t e n s i t i c  t r a n s f o r m a t i o n  
i s  s h o w n  i n  F i g . 2 . 1 1 .  I t  c a n  b e  s e e n  t h a t  t h e  h y s t e r e s i s  i s  
v e r y  s m a l l  i n  s u c h  t r a n s f o r m a t i o n s  c o m p a r e d  t o  t h e  h y s t e r e s i s  
i n v o l v e d  i n  n o n - t h e r m o e l a s t i c  t r a n s i t i o n s ,  e . g .  F e - N i .
( c )  T h e r m o - e l a s t i c  m a r t e n s i t e
too
-10Q 0 100 200 300 400 500
Tomporaturo "C
F I G . 2 . 1 1  : R e s i s t a n c e  - v s -  t e m p e r a t u r e  p l o t s ,  t y p i c a l
o f  t h e r m o e l a s t i c  ( A u - C d )  a n d  n o n - t h e r m o ­
e l a s t i c  ( F e - N i )  t r a n s f o r m a t i o n s  ( R e f . 7 2 ) .
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(d) S tress- induced  growth o f  m a r ten s ite
This term r e f e r s  to  m a r te n s i t ic  trans fo rm ations  induced 
by e x te rn a l  s t re s s  a t  1 >To which are  ch a ra c te r is ed  by the 
growth ra te  o f  in d iv id u a l  p la t e s  b e in g  a d i r e c t  fu nct ion  o f  
the ra te  a t which the s t r e s s  i s  in c rea sed . This tran s fo rm ation  
may be p r a c t i c a l l y  r e v e r s ib l e ,  thus re p re s e n t in g  a complete 
mechanical analogue t o  th e rm o -e la s t ic  m ar ten s ite  (s u p e r - e la s t i c  
b e h a v io u r ) . A t y p i c a l  s u p e r - e la s t i c  t ran s fo rm a tion  curve 
obta ined during a load in g  and un load ing c y c le  i s  g iv en  in 
F ig .2 .1 2 ( 3 2 1  .
F IG .2.12 : S u p e re la s t ic  s t r e s s - s t r a in  curve
fo r  a s in g le  c r y s t a l  o f  Cu-Zn-Sn 
a l l o y  a t  24°C (76°C above Mg) (R e f . 32 ).
The tran s fo rm a tion  s t a r t s  a t  a c r i t i c a l  s t re s s  cr and 
continues a t in c rea s in g  s t r e s s e s  u n t i l  i t  i s  completed a t  the 
s t r a in  (p o in t  B) whereupon the s t r e s s  r i s e s  sharp ly . On
unload ing, the re tra n s fo rm a t ion  s t a r t s  a t  a low er s t re s s  (p o in t  C)
, p  ->-M
and term inates a t  a, (p o in t  D) . The va lu e  o f  crm depends
Af  1
14
P -*M
Cu-Zn a l l o y  ( F i g . 2.13) shows th a t  the s t r a ig h t  l in e  p lo t
( t o )
ex tra p o la te s  to  the Mg temperature a t  z e ro  s t re s s  JJ .
strongly on temperature. A  plot of cty vs T for a
FIG .2.13 s P lo t s  o f  s t re s s  f o r  fo rm ation  o f
P Mm artensite  (cty ) and s t r e s s  f o r  
p la s t i c  deform ation  o f  the m atr ix  phase 
( ffp) as a fu n c t ion  o f  temperature in  
Cu-Zn s in g le  c r y s t a ls  (R e f . 3 3 ).
(e ) Combination o f  s tress - in d u ced  and therm ally -induced  
growth and re ve rse  tran s fo rm ation  o f  m artens ite
The growth o f  m artens ite  under r e v e r s ib l e  cond itions
depends on temperature and s t r e s s  as s t a t e  v a r ia b le s .  F i g . 2 .1 4 (a)
shows a combination o f  s tre ss - in d u ced  growth and a reverse
transform ation  by h ea t in g ; th is  i s  a s so c ia ted  w ith  the s o - c a l le d
'shape memory e f f e c t ' .  The shape change o f  the specimen caused
by the s tress- induced  trans form ation  i s  r e ve rs ed  by the th e rm a lly -
induced reve rse  t ran s fo rm a t ion . F i g . 2 . 14(b) shows the same
case f o r  the sequence; deform ation  o f  m a r te n s i t e , and reve rse
trans form ation  by reh ea t in g . A lthough th ese  growth processes
are e s s e n t ia l l y  r e v e r s ib le ,  i r r e v e r s i b l e  p rocesses  cannot be
e n t i r e l y  e l im in a ted .
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(a) S tress induced growth o f  
m artensite  from a non­
martens i t i c  m atrix  and 
therm ally  induced re ve rs e  
tran s fo rm ation . Shape memory 
e f f e c t .
(b) S tress induced r e o r ie n ta t io n  
o f  a m artensite  and therm a lly  
induced reve rse  trans fo rm ation . 
Shape memory e f f e c t .
F I G . 2.14 : In t e r r e la t io n s  between tem perature, T,
macroscopic s t ra in  e  , and r e v e r s ib le
• m
m a rte n s it ic  growth.
F u l l  l in e s  = growth o f  m artens ite .
Broken l in e s  = re ve rs e  trans form ation  
Dotted l in e s  = c o o l in g  w ithout tran s fo rm ation , 
a = app lied  s t r e s s .
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I t  can be seen from Tab le  2.2 tha t the c r y s ta l  s tru ctu res  
o f  the f i n a l  m a r ten s it ic  product are ch a rac te r is ed  by com plicated  
stack ing  sequences which are a r e s u l t  o f  va r iou s  d is t o r t io n s  
and d ev ia t ion s  a r is in g  from.atom s i z e  e f f e c t s  and in h e r i te d  
order . A l l  these , however, can be r e fe r r e d  t o  fundamental 
s tructu res  d is rega rd in g  t h e i r  s u p e r la t t ic e s  and d is t o r t io n s .
The three  d i f f e r e n t  types o f  fundamental s tru c tu res  that occur 
a re : FC C , H C P , and c lose-packed  orthorhombic w ith  p e r io d ic
stack ing  s h i f t s .  The fundamental s tructu res  o f  the g - ty p e  
m artensites  which are d e r iv ed  from BCC ^ F C C  t r a n s i t io n  
are e i th e r  FCC or an orthorhombic c lose-packed  s tru c tu re  
which cons is ts  o f  an array  o f  c lose-packed  planes w ith  a more 
or le s s  w e l l -d e f in e d  com plicated  stack ing  sequence. The s tack ing  
sequence occurring most fr e q u e n t ly  i s  ABC  / B C A / C A B  
des ignated  as 3 R . . For the d e s c r ip t io n  o f  the atomic arrange­
ments and the c r y s ta l lo g ra p h ic  d e t a i l s  o f  the s tack ing  va r ia n ts  
one i s  r e fe r r e d  to  R e f .N o .1 1 . In  g en e ra l ,  the m a r ten s it ic  phase 
in h e r i t s  the ordered s ta te  o f  the m atrix ,and the antiphase 
domain boundary o f  the ordered  s tru ctu re  in  the m atrix  phase, 
which i s  d i f f e r e n t  f o r  B 2 and D0 3 / L 2 -^  ordered s tru c tu re s ,  
is  t ra n s fe r red  to  the m artens ite  a long w ith  the s u p e r la t t ic e .
The r e l a t i v e  p o s it io n s  o f  the d i f f e r e n t  atom spec ies  in  the 
{1 1 0 } planes o f  the BCC m atrix  l a t t i c e  remain unchanged as 
these planes become shear p lanes o f  the f i r s t  s t ra in  during 
transform ation  and are converted  in to  the basa l planes o f  the 
m artens ite . The basa l p lanes thus obtained from the d i f f e r e n t  
ordered structu res  o f  the m atrix  are shown in  F i g . 2.15.
2.6 CRYSTAL STRUCTURES OF THE MARTENSITIC PHASES
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(1) (2) (3) (4)
F IG .2.15 : The basa l planes o f  m a r te n s it ic  s tru c tu res  (R e f . 11)
(1) Derived from A2
(2) Derived from B 2
(3) D erived  from DCty
(4) Derived  from L2^
The atomic o rder in  the m atrix  not on ly  determines the 
s u p e r la t t ic e  o f  the m artens ite  s tru c tu re  but a lso  by v i r tu e  o f  
s i z e  e f f e c t s  and changes in  bonding, the exa c t  packing .
symmetry in  the m artensite (34) The d e v ia t io n s  so caused in
turn a f f e c t  the s tra in s  assoc ia ted  w ith  the m a r te n s it ic  t r a n s i -
( 3 5 )t io n s  and the concen tra t ion  dependence o f  Ms ■ These
d ev ia t io n s  are m an ifes t as orthorhombic-, t r i c l i n i c ,  or m onoclin ic  
d is t o r t io n s  and a modulation o f  in te r -p la n a r  spacing between 
the basa l p lanes . Orthorhombic d is t o r t io n s  have been measured
on Cu-Zn, Cu-Zn-Ga, Cu-Zn-Si, Cu-Zn-Al (36) m artens ites  and
m onoclin ic  d is t o r t io n s  on Cu-Al Au-Mn ^37  ^ , and Cu-Zn 3^8^
m artens ites . P e r io d ic  modulation o f  the in te rp la n a r  spacing 
between the basa l planes have been observed in  lo n g -p e r iod  
s u p e r la t t ic e  s tru ctu res  o f  3^' Cu-Al m a r t e n s i t e ^ ^  . X-ray 
d if f ra c tog ra m s  show up these d is t o r t io n s  as s p l i t t i n g  up o f  
c e r ta in  peaks and have been u t i l i s e d  to  in v e s t i g a t e  the compo­
s i t i o n  dependence o f  m artens ite  s tru c tu res  in  Cu-Zn-Al, 
Cu-Zn-Si, Cu-Zn-Ga, and Cu-Al ^3 6 ) ^
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2 . 1  EXPERIMENTAL OBSERVATIONS IN SELECTED SYSTEMS
In th is  s e c t io n  a summary o f  the e x p e r im en ta l ,observa­
t io n s  regard ing the m atrix  and product phases, t h e i r  response 
to  in term ed iate  heat treatm ents in s o fa r  as changes in  s t ru c tu ra l  
and trans fo rm ationa l c h a ra c t e r is t ic s  are concerned, w i l l  be 
reviewed. Only systems th a t  show th e rm o -e la s t ic  t r a n s i t io n  
w i l l  be considered.
I
2 .7 .1  Copper-Zinc
From F i g . 2.16 i t  can be seen tha t in  th is  system the 
0-phase extends from ~ 36.3 to  55.3 at % Zn a t temperatures 
c lo s e  to  the so l id u s .  A l lo y s  up to  ~ 38 a t % Zn g e n e ra l ly  
undergo massive transfo rm ation  to  fa ce  cen tered  cubic phase 
on quenching to  room tem perature. The o ther a l lo y s  may be 
quenched to  R.T. w ithout trans form ing, excep t f o r  the o rder in g  
rea c t io n  lead ing  to  B2 s tru c tu re .  On fu r th e r  c o o l in g ,  i t  
has been es ta b lish ed  tha t the m artens ite  obta ined i s  o f  the 
$ 2 " (3 R/lR ) type^36^. A l l  the d i f f e r e n t  k in e t i c  modes o f  
m a r ten s it ic  transfo rm ation  have been observed in  th is  
system^28'40-41)  ^ A h le rs^ 43  ^ has shown tha t th ere  e x is t s  a 
good c o r r e la t io n  between and t e t r a g o n a l i t y  in  these a l lo y s
w ith  z inc  content in  the range 38.2 to  40 (a t .  %).
An ex ten s iv e  study o f  the e f f e c t  o f  tempering on 
m artensites in  Cu-Zn a l lo y s  (w ith  im p u r it ie s  <1.5%) by 
Kaminsky^44  ^ showed th a t  the room temperature re ta in ed  
m artensite  which had a high. t e t r a g o n a l i t y  in  the as quenched 
s ta te ,  became p r o g r e s s iv e ly  cubic w ith  ageing time at 125°C 
(F ig .  2 .17 ).
F IG .2.16 : Low temperature tran s fo rm a tions  o f
the S-phase in  Cu-Zn systems ( R e f ! 2 8 ) .
HOURS AT 125°C
F I G . 2.17 : E f f e c t  o f  tempering time a t  125°C on the 
t e t r a g o n a l i t y  o f  m ar ten s ite  formed by 
co o l in g  a Cu-39 !  % Zn a l l o y  to  -  196°C 
(R e f .4 4 ) .
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Low temperature ageing s tu d ies  c a r r ie d  out by Hummel on
g-C u -3 9 .1 % Z n  a l l o y  (F ig s .  2.18 ( i )  & ( i i )  showed tha t there  
was an increase  in  r e s i s i t i v i t y  o f  3% on ageing in  the reg ion  
60° to  120°C, and th a t  the in crease  in  r e s i s t i v i t y  was v e ry  
fa s t  and reached 50% o f  the f i n a l  va lue at any temperature in  
th is  temperature in t e r v a l  in  a few minutes. Long-time anneal 
(16 hours) a t  a temperature o f  135°C, even though r e g is t e r in g  
an in crease  in  r e s i s t i v i t y  o f  3.5% in  the parent phase, d id  
not have any n o t ic e a b le  e f f e c t  on the Ms temperature ( F i g .2 .1 8 ( i i i )  
On the o ther hand, an extended per iod  o f  annealing f o r  50 hours 
a t a h igher temperature o f  150°C re su lted  in  a 12.4% in crease  
in  r e s i s t i v i t y ,  s i g n i f y in g  the onset o f  a d i f f e r e n t  transform ­
a t ion  which had a lread y  been i d e n t i f i e d  as a b a in i t i c  r e a c t io n .
E a r l i e r  s tu d ies  on tempering behaviour o f  Cu-Zn a l lo y s  
have shown^ 46 4 3   ^ tha t  an ex ten s ive  phase re a c t io n
I
3 l  (ty + 3 i s  observed when 3  ^ brass i s  is o th e rm a lly  
annealed above 150°C, and th is  has been c l a s s i f i e d  as a b a in i t i c  
t r a n s i t io n .  These t r a n s i t io n s  are accompanied by a steep  
in crease  in  re s is ta n c e  and hardness and l a t t i c e  parameter.
O p t ica l  and e le c tron -m ic ro sco p ic  observa tions  have a lso  
confirmed the phase t r a n s i t i o n .  These t r a n s i t io n s  have been 
observed when a specimen was quenched from 820°C to  225°C and 
kept at 225°C f o r  an hour or more, or when a specimen quenched 
from 820°C to  room temperature was annealed a t  150°C f o r  
70 hours. On annealing above 250°C, the transform ation  
3 i + 31 3  ^ + a ensues, which i s  accompanied by a f a l l  in
hardness va lu e . The s tru c tu re  o f  the b a in it ic  product i s  almost 
the same as tha t o f  the m artens ite .
(45)
( i l  Resistance change w ith
tem perature.
Ageing time, 5 minutes. 
Measurement temp., 20°C.
( i i )  Resistance change with, 
'time a t var ious ageing 
temperatures.
Measurement temp., 20°C.
( i i i )  Resistance change as a 
function  o f  temperature:
(a) b e fo re  heat treatment; 
( h i  a f t e r  16 hours a t  
1 3 4 °C .
Ageing time mins.
FIG . 2. l j l  : Resu lts  o f  low tem perature age ing  s tu d ies  in
8-brass  (38.8 wt% Z n ) . ( R e f . 45 ).
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The copper-r ich  end o f  the phase diagram fo r  th is  
system, along w ith  the Mg temperatures and o rder in g  temper­
a tu res , are shown in  F i g . 2 . 1 9 .
2.7.2 Copper-Aluminium
F IG .2.19 : P a r t i a l  phase
diagram fo r  the 
Cu-Al system.
(R e f .1 1 ).  £cc
<
cc
LU
Q_
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A l l  the bas ic  v a r ia n ts  o f  m artens ite  phases have been found.
Depending on com position, both  the g -type  and y - typ e  va r ia n ts
( 4 9 )occur in  th is  system . Tempering s tu d ies  on m a rten s it ic
Cu-Al a l lo y s  have shown th a t  the g-phase formed by annealing
in  the g-phase f i e l d  may be d iso rd ered  (A 2), o r ordered (D 0^),
( 1 1 )depending on annealing temperature and com position 
Growth o f  ordered reg ions in  a d iso rd ered  m atr ix  w ithout the 
in trod u c tion  o f  in te rn a l  domain boundaries have been observed 
in  a Cu -  25% A l a l l o y  on iso therm al annealing in  the 400 -  535°C 
range ^50) # (pjie  domain boundaries are  p reserved  through the 
subsequent m a r te n s it ic  t r a n s i t io n .
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Copper-Aluminium-Nickel a l lo y s  which con ta in  about
14 wt % A l  and 4 wt % N i have been known to  transform  thermo-
(51)
e l a s t i c a l l y  f o r  some time . S u itab le  combinations th a t
e x h ib i t  th is  e f f e c t  have the approximate form ula (C u ,N i )3 A l ,  
and i f  the in f lu en ce  o f  n ic k e l  i s  n eg le c te d ,  they order w ith  
the DCty s tru c tu re .  Th is ordered  phase transform s to  m artens ite  
(Y- )^ ( 2 H s tru c tu re )  a t a trans form ation  tem perature Mg which
i s  s e n s i t i v e l y  dependent on the N ick e l  and Aluminium concentrations 
However, the type o f  quench employed a f f e c t s  the m artens ite  
formed p r o f o u n d l y ^ . D ra s t ic  quench r e s u l t s  in  a t y '  
m artensite  w ith  a 1 8 R s tru c tu re .  D ra s t ic  quench above Mg and 
ageing above M f o r  a long time r e s u lts  in  complete Y i '
JL
form ation . A m ixture o f  and y ^ * m arten s ites  are observed
in  a l lo y s  aged a f t e r  quench f o r  sh orte r  p e r io d s .  The time
requ ired  to  co n d it io n  the 8 -phase to  g iv e  complete convers ion
to  y f ' m artens ite  on c o o l in g  corresponds to  the time taken f o r
the r e s i s t i v i t y  to  reach a minimum on tem pering above M ( F i g . 2.20)s
2.7.3 Copper-Aluminium-Nickel
™ 4 /  C* o  14*5
X—
X
(/)
E
*o 14*0
01 
o
3 13-5
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FIG .2 .20 : P lo t  o f  r e s is ta n ce  - v s -  tempering time
above Mg / f or a Cu-A.l-Ni a l l o y  (R e f . 52) .
Log time(secs)
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ordered Fe^ A l s t ru c tu re  on quenching, which changes to
Heusler type superstructu re  on age ing  in  the range -10° to  
o (5 4 )260 C . This i s  presumably the f i r s t  s t ru c tu ra l  change 
tha t  occurs on age ing . R esu lts  o f  s p e c i f i c  heat measurements 
a f t e r  ageing a t d i f f e r e n t  tem peratures fo l lo w in g  quenching 
are g iven  in  F ig s .  2.21 and 2 .2 2 ) .
It has been shown that the structure is an incompletely
X l-
wz5*0
Ta: Age t no Tempi l a hoops) r>
•• : Aged for 30oats Ta* 212*C
As-Quenched trom 900*C 
/  V 2 0 0 ‘C
TA\ m ty ’SOt Ata.205C/
" M k i  i
-50 0
TEMPERATURE C*C )
“As Al
50
F IG .2.21 : S p e c i f i c  heat o f  the aged Cu-A l-N i a l l o y
quenched from 90O°C and aged a t  each temperature 
shown f o r  18 hours (R e f .5 4 ) .
0  1 0 0  2 0 0  3 0 0  
Ageing temperature { °C)
FIG. 2.22 : V a r ia t io n  o f  Ag and Af  temperatures o f  
Cu-A l-N i a l l o y  as a fu n c t ion  o f  ageing 
temperature ( R e f . 54 ).
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The re ve rse  tran s fo rm ation  temperatures As and Af  in crease  
l in e a r ly  up to  an age ing  temperature o f  180°C, a f t e r  which 
the in crease  i s  ra th e r  sharp. I t  has been suggested by 
Stobbs e t  a l^ 5^  th a t  the  sharp in crease  in  Ag a f t e r  age ing 
a t 180°C and above i s  a sso c ia ted  w ith  s eg reg a t io n a l  p r e c i p i ­
ta t io n  o f  a 1 o ) ' - l i k e  phase.
2 .7 .4  Copper-Zinc-Manganese
A comprehensive phase diagram determ ination  f o r  th is
system was c a r r ie d  out by T.R.Graham e t  a l ^ 6  ^ in  the 19 40s.
(57)I t  was r e in v e s t ig a t e d  in  1972 by Gondo e t  a l  . The i s o ­
thermal s ec t ion s  o f  the  te rn a ry  phase diagrams a t va r ious  
temperatures are taken from the works o f  Graham e t  a l  and 
are g iven  in  F i g s . 2.23 (a) -  ( d ) ) .  S ections at 5, 10, 
and !5% Mn through the Cu-Zn-Mn system as d e r iv ed  from the 
diagram o f  Graham e t  a l  are  g iv en  in F i g . 2.24. The diagram 
proposed by Gondo e t  a l ,  d e l in e a t in g  the boundary o f  ordered 
phase f i e l d s  in  t h is  sytem, are shown in  F i g . 2.25. A t y p i c a l  
p lo t  o f  s p e c i f i c  hea t vs temperature curve f o r  a quenched 
and an annealed 0 -phase specimen taken from the r e s u lts  o f  
Gondo e t  a l ^ 3  ^ i s  g iv en  in  F i g . 2.26. F igure 2.27 shows the
e f f e c t  o f  Mn on the o rd e r in g  temperature Tc o f  the 0-phase,
(59)as determined by Gondo e t  a l . S t o l o f f  e t  a l  have a lso
determined the v a r ia t io n  o f  Tc w ith  Mn in  3 -phase a l l o y s ,  
which i s  in  agreement- w ith  F ig .  2.27.
From the te rn a ry  iso therm al sec tion s  i t  i s  seen th a t  
a complete range o f  s o l id  s o lu b i l i t y  e x is t s  fo r  Mn in  the 
0-phase a l lo y s  from 815°C to  650°C. The qu as i-b inary  sec t ion s
u -
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F IG .2.24 : Quasi-b inary Copper-Manganese-Zinc
phase diagrams a t manganese contents 
o f  5%, 10%, and 15%. (R e f . 10)
F IG .2.25 : 8- 8 ' o rd e r -d is o rd e r  transform ation  boundary in  
the Cu-Zn-Mn system.
in d ica te s  a l lo y s  showing no trans form ation . (R e f . 58 ).
(a) Annealed
(b) As quenched
Temperature(°C)
F IG .2.26
20 0  400
Temperature(°C)
S p e c i f i c  heat - v s -  tem perature curves
fo r  a l l o y  C u - 43.9 Zn — 5.9 Mn (a t .  %) (R e f .58)
F IG .2.27 : Composition dependence o f  o rd e r -d is o rd e r
t r a n s i t io n  tem perature, Tc (R e f . 58 ).
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show tha t the te rn a ry  Cu-Zn-Mn e x h ib i ts  s im i la r  ch a rac te r­
i s t i c s  to  the b inary  Cu-Zn a l l o y s .  Both systems possess a 
high temperature 8-phase reg ion  which transforms a t  lower 
temperatures to  the a-phase. The Cu-Zn-NSi system d i f f e r s  
from the b inary  in  th a t  h igh manganese or h igh z in c  promotes 
the form ation o f  an F C C  T-phase a t  low temperatures.
The r e s u lts  o f  Gondo e t  a l  show tha t  there  i s  a w e l l - d e f in e d  
area in s id e  which o rd e r in g  re a c t io n s  are expected . I t  i s  
p o s s ib le  tha t  an a l l o y  near the boundary could be chosen 
which would be amenable to  heat treatment to  g iv e  va rious  
degress o f  o rder . I t  has been reported  by Gondo e t  a l  th a t  
add it ions  o f  manganese in  excess o f  4% f a c i l i t a t e  such 
re ten t io n s  o f  o rder by quenching.
There i s  no data rega rd in g  the m a r te n s it ic  transform ­
ations  in  th is  system.
2 .7 .5  Copper-Zinc-Aluminium
I t  has been found th a t  in  th is  system the m a r te n s it ic
s tru ctu res  th a t  r e s u l t  on quenching e x h ib i t  va r iou s  s tack ing
sequences ch a ra c te r is ed  by d i f f e r e n t  s tack ing  f a u l t  d e n s i t i e s ^  .
I t  has a lso  been e s ta b l ish ed  th a t  the s tack ing  f a u l t  d en s ity
i s  d i r e c t l y  r e la t e d  to  the orthorhombic d is t o r t io n s  due to
o rd e r in g ,  and i t  v a r ie s  as a funct ion  o f  composition and p o s s ib ly
as a fu nction  o f  p r i o r  heat treatm ent^36*. V a r ia t ion s  in
s u p e r -e la s t ic  behaviour have been observed, depending on p r io r  
( 3 )heat treatment . The s t r e s s  necessary to  induce m a r te n s it ic  
P *+ Mt r a n s i t io n  (cty ) a t  any temperature in  an a l l o y  w ith
Mg ~ -90°C has been measured a f t e r  ageing at 100°C f o r  an hour
and a f t e r  f la s h  heating a t 300°C. I t  can be seen from F i g . 2.28 
p-+ m
th a t  crT is  increased  in  both cases , ( i . e .  Mg i s  decreased)
the increase  being very  marked in  the l a t t e r  treatm ent. Ageing 
a t room temperature a f t e r  the l a t t e r  treatm ent r e s u lts  in  a
p ~ y  m
f a s t e r  decrease in  the va lue o f  oty w ith  t im e. From the
p -y M
p lo ts  o f  cty vs temperature ( F i g . 2 . 2 9) f o r  the as-quenched
( l in e  (a ) )  and f la s h  heated ( l i n e  ( b ) ) samples, i t  i s  seen tha t 
the l in e  (b) has the same s lope  as l in e  (a) but i s  s h i f t e d  to  
the l e f t .  No s tru c tu ra l  changes have been d e tec ted  a f t e r  ageing 
a t  100°C.
( 6 1)S ch o f ie ld  and Miodownik have reported  s im ila r
observa tions in th is  system. Quenching and ageing treatments
a t  in term ediate  temperature conducted by them show that in
the as-quenched cond it ion  i s  depressed, which then r is e s  up to
i t s  equ il ib r iu m  value on age ing a t  room temperature. Ageing at
in term ed ia te  temperatures (275°K -  425°K) r e s u l ts  in  increased
Mg u n t i l  a l im i t in g  temperature c h a r a c t e r is t i c  o f  a p a r t ic u la r
composition is  reached. Quenching from above th is  temperature
a f t e r  ageing r e s u lts  in  a depressed M , which i s  the same ass
tha t f o r  a specimen quenched from h igher temperature (870°C) 
i n i t i a l l y .  The k in e t ic s  o f  M re cove ry  In the specimens
b
quenched from h igher temperature (870°C) i s  f a s t e r  than the 
k in e t ic s  o f  Mg recovery  in  specimens quenched from in term ed ia te  
temperatures above the l im i t  mentioned. Th is has been 
a t t r ib u te d  to  the presence o f  quenched in  vacancies  in  the former 
I t  has a lso  been .proposed by them th a t  a secondary o rder ing  
B 2 - L 2 ^  t r a n s i t io n  in  the ageing temperature ranges employed 
may be the cause o f  Mg changes observed, and attempts have been
Time ( h r s )
P -*MF IG .2.28 ; o f  a Cu-Zn~Al a l l o y  a f t e r  d i f f e r e n t
thermal treatments and subsequent ageing 
a t room tem perature:
(a) 1  hour a t  1 0 0 °C, and then aged a t 
room temperature;
(b) F lash-heated to  300°C and then aged 
a t  room tem perature .
Temperature(°C]
P -+M
F IG .2.29 : E f f e c t  o f  f la s h -h e a t in g  on the  -vs-
temperature p lo t  (R e f . 3 ) .
(a) As quenched;
(b) F lash-heated  to  300°C and quenched.
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made to  d e f in e  the secondary o rder ing  phase f i e l d .  R ecen t ly ,
(
Cook and Brown have a ls o  reported  s im i la r  observa tions  o f
M changes w ith  long time ageing in  a 70 Cu / 26 Zn / 4 A l  a l l o y .
The ir  r e s u lts  show tha t the Mg change i s  r e v e r s ib le  as long
as the ageing temperature i s  below 120°C. On ageing above
1 2 0 °C ,r e v e r s ib i l i t y  i s  l o s t .  An a c t iv a t io n  energy va lue o f
65 ±5  kJ/mol has been estim ated  f o r  th is  p rocess , and i t  compares
w e l l  w ith  58 kJ/mol fo r  o rd e r in g  processes in  equ i-a tom ic  brass
reported  by C lark and Brown^63  ^ . Ah lers  and Rapac io li^
rep o r t  d i r e c t  observa tion  o f  a B 2 •* L 2^ t r a n s i t io n  in
Cu-Zn-Al a l lo y s  w ith  / = 1.48 by r e s i s t i v i t y  and e le c t r o n
(6 5 )m icroscop ic  techniques. S .C .S ingh e t  a l  have proposed
phase diagrams th a t  d e f in e  these ordered phase f i e ld s .  However, 
they have not r e la t e d  the Mg v a r ia t io n s  to  the secondary 
o rder ing  process.
2 .7 .6  Gold-Zinc
The 8-phase o f  the Au-Zn system i s  lo ca ted  about the
equ i-atom ic composition and has the B 2 s tru c tu re  and r e ta in s
a cons iderab le  degree o f  long-range order up to  the m e lt in g  
( fi
p o in t  . A l lo y s  con ta in ing  g r e a te r  than 48 a t  % Zn are 
unstable and undergo a m a r te n s it ic  transfo rm ation ; the marten­
s i t i c  s ta r t  temperature Mg in c reas in g  w ith  in c reas in g  z in c
concen tra t ion , in  con tras t  to  o ther systems where i t  decreases
(6  7) 'with z inc  content ( F i g . 2 .3 0 ).
2 7
Cu-Zn Au-Zn
F IG .2.30 : The g and g' phase f i e l d s  and the com position 
dependence o f  M temperature in  systems 
Cu-Zn and Au-Zn T R e f .6 7 ) .
(35 )
Pops and R id le y  rep o r ted  th a t  quenching from
high temperature lowered the M , i . e .  s t a b i l i s e d  the 0 -phase,
but only in  a l lo y s  which were lo c a te d  on the z in c - r ic h  s id e
o f  the equ i-atom ic com pos it ion . The e f f e o t  o f  a i r - c o o l in g  and 
o
fu rn ace -coo lin g  on the M tem perature, a long  w ith  the M o f 4
** s
the quenched a l l o y s ,  i s  g iv en  in  F i g . 2. 31..
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: E f f e c t s  o f  c o o l in g  ra t e  on M
in Au-Zn a l l o y s  ( R e f . 35 ).
temperature
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was tha t  no s in g le  fa c t o r  cou ld  be s in g le d  out as re sp on s ib le
f o r  the observed M v a r i a t i o n s .s
2 .7 .7  Gold-Copper-Zinc
In th is  system the q u as i-b in a ry  s e c t io n  Au CuRC-_ Zn.r
X j j  X 4 j
i s  the one that has been in v e s t ig a t e d  by va r iou s  workers^ ^
The order ing  c h a ra c t e r is t i c s  and the m a r te n s it ic  t r a n s i t io n s  
have been p a r t i c u la r ly  w e l l  e s ta b l is h e d .  The fo l lo w in g  r e s u l ts  
are c h a r a c t e r is t ic  o f  th is  system, namely :
(1) There e x is t s  a d iso rd e red  BCC phase, 8 (A 2) a t  
h igher temperatures, fo l lo w e d  by a Cg Cl type ordered phase,
8 -^  (B 2) and a Heusler type o rdered  phase (L 2^) ; and, f i n a l l y ,  
a t  lower temperatures, a m arten s ite  phase h o ld ing  the Heusler 
type arrangement ( F i g . 2.32)
Their conclusion, on the basis of their exhaustive experiments,
Au AT.°/o
FIG. 2. 32 : Phase diagram o f  the - Au.. Cuc c  „  Zn,,c a l l o y  (R e f . 21)
X j  j *"X 4 3
(2) Both the t r a n s i t io n  temperatures o f  the Heusler phase (T ) 
and o f  the m a r ten s it ic  p h a s e  (&s ) e x h ib i t  a maximum a t the 
He us ler composition.
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(3) As a premonitory fe a tu re ,  s o ften in g  o f  the shear
V
constant C = / 2 i s observed in  the reg ion  above M .
The Heusler type ordered s tru ctu re  forms ve ry  qu ick ly
on c o o l in g  from h igh temperature and cannot be suppressed even
by a d r a s t ic  quench. However, on heating  above the Heusler
o rder ing  temperature, the s tru ctu re  changes from L 2^ to  A 2
d i r e c t l y  a t the Tc (B 2 / L  2^) temperature, and i t  needs more
than an hour o f  iso therm al annealing in  the B 2 phase f i e l d
(69)to  induce B 2 order
The in f lu en ce  o f  in te rm ed ia te  heat treatm ents on 
m a r ten s it ic  t r a n s i t io n s  have not been rep o r ted  so fa r  in  th is  
system.
2 .7 .8  Gold-Silver-Cadmium
This system i s  s im i la r  t o  the system Au-Cu-Zn in  the 
sense tha t  th ere  e x i s t  two ordered  c o n f ig u ra t io n s ,  B2 and L 2^ , 
and there  i s  a m a r te n s it ic  t r a n s i t io n  a t lower tem peratures^7^ .  
I t  d i f f e r s  from the Au-Cu-Zn system in  I t s  response to  quenching. 
A rap id  quench, can a r r e s t  the B 2 - L 2 ^  t r a n s i t io n  from tak ing 
p lace  and thus a m artens ite  could be made to  in h e r t  the B 2 
ordered  s tru ctu re  in stead  o f  the corresponding L 2^ s tru c tu re .
Studies on m a r te n s it ic  transform ations in  th is  system 
(71)have been conducted and in  the qu as i-b in a ry  a l l o y  system
Au52.5-x Agx Cd47.5 fo r  quenched a l l o y s ,  the Mg is  lower 
than f o r  the s low ly  coo led  ones. As has been observed e a r l i e r ,  
a rap id  quanch a r re s ts  the secondary o rder ing  t r a n s i t io n ,  so 
i t  seems reasonable to  conclude tha t the Mg corresponding to  the
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to  L 2^ s tru c tu re ,  even though the L 2^ s tru c tu re  i s  the 
more s ta b le  one.
2.8 CONCLUSIONS BASED ON EXPERIMENTAL OBSERVATIONS
From the exper im enta l observa tions  rev iew ed  so f a r ,
i t  i s  q u ite  obvious th a t  o rd e r in g  c h a r a c t e r is t i c s  are l i k e l y
to  be d i f f e r e n t  in  d i f f e r e n t  systems even though a l l  o f  them
possess the same Brava is  l a t t i c e ,  namely, BCC,  and undergo
a th e rm o -e la s t ic  t r a n s i t i o n .  I t  has been b road ly  po in ted
out that the kind o f  s tack ing  s h i f t s  observed in  Cu-Zn-Al,
Cu-Zn-Si, Cu-Zn-Ga, and Cu-Al m artens ites  i s  s t ro n g ly
dependent on the orthorhombic d is t o r t io n  which a r is e s  from
( 3 6 )order ing  in  the parent phase . A c o r r e la t io n  between Mg
and the t e t r a g o n a l i t y  o f  the fa u lte d  FC C  l a t t i c e  in  b inary
Cu-Zn and the te rn a ry  a l l o y s  mentioned above has been shown
(4  33
to  e x i s t  by Ah lers  e t  a l  ( F i g . 2 .3 3 ) ,  which suggests tha t
in creas in g  o rd e r ,  i . e .  t e t r a g o n a l i t y ,  should r e s u l t  in  
decreasing Mg .
B 2 ordered structure is lower than the corresponding
c /a
F IG.2.33 : M temperature - v s -  c/a in  Cu-Zn and
Cu-Zn-X a l lo y s  (R e f . 43).
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However, i t  i s  seen tha t in  the systems Cu-Zn-Al, 
Cu -A l-N i, Au-Ag-Cd, Au-Zn, and Au-Cd, the a l lo y s  quenched 
from h igher temperatures w ith  expected  lower degrees o f  order 
have a lower Mg as compared to  the same a l lo y s  aged at lower 
temperatures a f t e r  h igh temperature quenching ( r e s to r in g  
h igher o r d e r ) . This means tha t o rder  a f f e c t s  the s t a b i l i t i e s  
o f  these d i f f e r e n t  systems in  d i f f e r e n t  ways, and/or that 
d i f f e r e n t  types o f  o rder in g  k in e t ic s  e x i s t  in  d i f f e r e n t  systems. 
Even though l a t t i c e  so ften in g  may be expected  to  p lay  an 
important r o le  in  these systems, i t  i s  to  be noted tha t  the . 
onset o f  m a r ten s it ic  trans form ation  i s  not a ssoc ia ted  w ith  
a van ish ing va lue o f  c ' r but ra th e r  w ith  a f i n i t e ,  though 
sm all, va lu e . This in d ic a te s  tha t i t  i s  the r e l a t i v e  s t a b i l i t y  
o f  the two structu res  which determines the s tru ctu re  formed 
and the transform ation  temperatures.
However, no d e f in i t e  thermodynamic c o r r e la t io n  between 
the ordered s ta te  o f  the parent phase and the r e s u lt in g  
m artens ite  s tructu res  has so f a r  been e s ta b l ish ed  in  Cu-Zn-based 
systems because o f  the  experim enta l d i f f i c u l t i e s  in a r r e s t in g  
the o rder ing  r e a c t io n .  I t  was thought tha t  such a c o r r e la t io n  
could be es tab lish ed  in  the Cu-Zn-Mn system fo r  the fo l lo w in g  
reasons:
1) Manganese rep laces  z in c  w ithout s e r io u s ly  changing the. 
b inary  Cu-Zn phase diagram character  up to  about 10%.
2) Add it ions o f  manganese lower the o rder in g  temperature, 
and quenching a l lo y s  con ta in ing  more than 4.7% Mn re s u lts  in  
re ta in ed  d iso rd er .
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These fa c ts  should enable one to  study the in f lu en ce  
o f  va ry ing  degrees o f  order w ithout changing composition in  
the te rn a ry , and a f fo r d  an in s ig h t  in to  the behaviour o f  
the b inary Cu-Zn system as w e l l .  Once the c o r r e la t io n  
between order and transform ation  c h a ra c t e r is t ic s  is  e s ta b l ish ed ,  
i t  should be p o s s ib le  to  analyse the thermodynamics o f  
m a rten s it ic  t r a n s i t io n  by adopting a su ita b le  model t o  take 
in to  account the various  con tr ibu tion s  to  f r e e  energy changes 
tha t dec ide the phase t r a n s i t io n  c h a ra c t e r is t ic s .
C H A P T E R  3 
LITERATURE SURVEY (THEORETICAL)
3.1 THERMODYNAMIC FORMULATION OF THE 
MARTENSITIC AND ORDERING TRANSITIONS
3.1.1 In trodu ct ion
Since the m a r te n s it ic  transform ation  i s  d i f fu s io n le s s  
and the a l l o y  com position  does not va ry  during the transform ­
a t ion ,  the system can be considered  as a s in g le  component
*
system. In  F i g . 3.1 the v a r ia t io n  o f  f r e e  en erg ies  o f  a
(M artens ite ) and y (A u s ten ite )  phases o f  an a l l o y  Fe -  29% Ni
(7 2 ) ct yi s  shown . G and G (the f r e e  en e rg ie s  o f  a and y
phases, r e s p e c t iv e ly )  in t e r s e c t  a t  Tq , which i s  the true
ct * yt ra n s i t io n  temperature a t  which G = G . M and A a re ,s s
r e s p e c t iv e ly ,  lower and g r e a t e r  than Tq f o r  non -therm oe lastic
t r a n s i t io n s ;  f o r  th e rm o -e la s t ic  t r a n s i t io n s  the r e l a t i v e
p o s i t io n  o f  the measured t r a n s i t io n  temperatures w ith  re sp ec t
to  Tq i s  more u ncerta in . However, the va lu e  o f  Tq may be
ca lcu la ted  t h e o r e t i c a l l y  by making some reasonable assump- 
(33 71)
t ion s  ' . In  s in g le  component systems, a l l  th a t  one
needs to  know are  the f r e e  energy fu n ct ion s  f o r  the two phases.
In a l lo y s  and o th er  multi-component system s, c a lc u la t io n  o f
f r e e  en erg ies  u su a lly  r e q u ir e s  a t  l e a s t  a r e gu la r  s o lu t io n  model
Even then account has to  be taken o f  s e v e ra l  non-chemical f r e e
energy c o n tr ib u t io n s ,  s in ce  m a r te n s it ic  t r a n s i t io n s  in v o lv e
(73)s tra in s  and c rea t io n  o f  d e fe c t s .  Johansson was the f i r s t
to  attempt thermodynamic c a lc u la t io n s  o f  m a r te n s it ic  t r a n s i t io n s
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FIG .3 .1  : F ree energy - v s -  tem perature f o r  a u s ten ite
and m arten s ite  phases o f  Fe-29% N i (R e f .7 2 ) .
(74) (75)Zener and Cohen improved upon th is  method, but by
fa r  the most su ccess fu l approach has been due t o  Cohen and
/ -1 Cl / -J -J \ .
Paranjape and Cohen and Kaufman . Cohen and Paranjape
adopted the b a s ic  thermodynamic exp ress ion  which t r e a te d  the 
energy change accompanying the t r a n s i t i o n  as made up o f  
chem ical, s t r a in ,  and o th e r  non-chemical terms :
i *
Y -*■ ct . y-> r t  _ a - * -  r t  4
AG = AG + Ag + AG (non-chem ical terms) .
i
Mg p re d ic t io n s  f o r  the systems Fe-C (by Cohen and Paran jape) 
and Fe-N i (Cohen and Kaufman). on the b a s is  o f  th is  approach 
y ie ld e d  s a t i s f a c t o r y  r e s u l t s .  However, th e re  has been no 
s im i la r  attempt to  p r e d ic t  Mg in 8 -brass type a l l o y s .  For 
such a c a lc u la t io n ,  account has to  be taken o f  the con tr ib u t io n  
to f r e e  energy by o rd e r in g  and e l e c t r o n ic  fa c t o r s ,  in a d d it ion
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3 .1 .2  V a r io u s  a s p e c t s  o f  f r e e  e n e r g y  c a l c u l a t i o n s
T h e  r e g u l a r  s o l u t i o n  m o d e l i s  b a s e d  on  t h e  a s s u m p t io n
t h a t  a to m s  i n t e r a c t  t h r o u g h  b o n d s  o f  c o n s t a n t  e n e r g y  w i t h
( 7 6 )t h e i r  n e ig h b o u r s  °  . T h e  f r e e  e n e r g y  v s  c o m p o s i t io n  c u r v e
f o r  a  s in g le - p h a s e  h o m o g e n e o u s  ra n d o m  s o l u t i o n  o f  a  b i n a r y
s y s t e m  A B  i s  s c h e m a t i c a l l y  i l l u s t r a t e d  i n  F i g . 3 .2 (a ) .  T h e
f r e e  e n e r g y  o f  t h e  s o l u t i o n  i s  r e f e r r e d  t o  s t a n d a r d  s t a t e s
o f  t h e  c o m p o n e n ts , w h i c h  a r e  u s u a l l y  t h e  p u r e  c o m p o n e n ts .
H o w e v e r ,  t h e  p u r e  c o m p o n e n ts  m ay o r  m ay n o t  b e  o f  t h e  sam e
c r y s t a l  s t r u c t u r e  a s  t h e  p h a s e  u n d e r  c o n s i d e r a t i o n .  I t  h a s
b e e n  p o s t u l a t e d  t h a t  a l l  d i f f e r e n t  s t r u c t u r e s  a r e  p o t e n t i a l l y
p o s s i b l e  f o r  a  g i v e n  e le m e n t  o r  a l l o y ,  a n d  w h e t h e r  o r  n o t  a
p a r t i c u l a r  s t r u c t u r e  w i l l  b e  s t a b l e  u n d e r  a  g i v e n  s e t  o f
c o n d i t i o n s  i s  d i c t a t e d  b y  t h e  r e l a t i v e  f r e e  e n e r g y  v a l u e  o f
(77 78 )a l l  t h e  p o s s i b l e  s t r u c t u r e s  u n d e r  t h e  sam e c o n d i t i o n s  '
T h i s  m eans t h a t ,  f o r  a  t r u e  c o m p a r is o n  o f  t h e  f r e e  e n e r g i e s
o f  d i f f e r e n t  p h a s e s ,  t h e  f r e e  e n e r g y  o f  e a c h  p h a s e  w i t h  a
p a r t i c u l a r  s t r u c t u r e  ( s a y  F C C )  s h o u ld  b e  r e f e r r e d  t o  t h e
sam e c r y s t a l  s t r u c t u r e  o f  t h e  c o m p o n e n ts ,  i . e .  F C C .  To
a c h i e v e  t h i s ,  a  s u i t a b l e  c o n v e r s i o n  o f  t h e  e l e m e n t a l  s t a n d a r d
s t a t e s  t o  a  common c r y s t a l  s t r u c t u r e  s h o u ld  b e  p e r f o r m e d .
T h e  s t a b i l i t y  p a r a m e t e r s  w h i c h  a r e  n e e d e d  f o r  t h i s  c o n v e r s io n
h a v e  b e e n  d e f i n e d  a n d  n u m e r i c a l l y  d e t e r m in e d  f o r  a  l a r g e
n u m b er o f  e le m e n t s   ^ . T a b l e  3 !  sh o w s  t h e  v a l u e s  f o r
( 7 9 )som e e le m e n t s  o f  i n t e r e s t  . C u r v e  (b )  i n  F i g . 3 .2  sh o w s  
t h e  a l t e r e d  f r e e  e n e r g y  c u r v e  w hen  t h e  c o n v e r s i o n  i s  m ad e .
to the other terms in the free energy expression.
Composition
F I G . 3 .2  : F r e e  e n e r g y  - v s -  c o m p o s i t io n  c u r v e s  f o r  a
BCC p h a s e  i n  n o b le  m e t a l  s y s t e m s .  C u r v e s  ( a )  t o  (d )  
sh o w  t h e  p r o g r e s s i v e  c h a n g e  i n  t h e  n a t u r e  o f  t h e  
c u r v e s  a s  t h e  v a r i o u s  c o n t r i b u t i o n s  a r e  t a k e n  
i n t o  a c c o u n t .
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A b s o l u t e l y  ra n d o m  b e h a v io u r  i s  p o s s i b l e  o n l y  i n  i d e a l ,  
d i l u t e  s o l u t i o n s .  S t r o n g  d e v i a t i o n s  f ro m  r a n d o m n e s s  o c c u r  
w hen  t h e  c o m p o n e n ts  a r e  d i s s i m i l a r  a n d  t h e  c o n c e n t r a t i o n s  o f  
t h e  s o l u t e  a r e  l a r g e .  T h e s e  l e a d  t o  o r d e r e d  p h a s e s  a n d  t h e  
o r d e r e d  p h a s e  f i e l d s  a r e  c o n f i n e d  t o  s m a l l  r e g i o n s  a ro u n d  
s t o i c h i o m e t r i c  c o m p o s i t io n s  i n  t h e  p h a s e  d ia g r a m .  O c c u r r e n c e  
o f  an  o r d e r e d  p h a s e  a l t e r s  t h e  f r e e  e n e r g y  o f  t h e  p h a s e ,  a s  
show n  i n  c u r v e  ( c )  o f  F i g . 3 . 2 .
W e h a v e  a l r e a d y  s e e n  t h a t  i n  t h e  n o b le  m e t a l- b a s e d  
s y s t e m s  t h e r e  i s  a  p o s s i b i l i t y  o f  a  s i g n i f i c a n t  c o n t r i b u t i o n  
t o  p h a s e  s t a b i l i t y  a r i s i n g  p u r e l y  f ro m  e l e c t r o n i c  f a c t o r s  ,^ 2^ (S e c .2 .2  
T h e s e  c o n t r i b u t i o n s  e x h i b i t  r a p i d  i n c r e a s e s  i n  e l e c t r o n  e n e r g y
d u e  t o  F e r m i  s u r f a c e - B r i l l o u i n  z o n e  i n t e r a c t i o n s ,  a n d  c a n
2 3c o n t r i b u t e  e n e r g y  o f  t h e  o r d e r  o f  10 - 1 0  J/ m o l,  d e p e n d in g  on 
the system s in  q u e s t i o n  . C u r v e  (d )  o f  F i g .  3 .2  i l l u s t r a t e s  
t h e  e f f e c t  o f  t h i s  c o n t r i b u t i o n .  O t h e r  c o n t r i b u t i o n s  a r i s e  
f ro m  t h e  p r e s e n c e  o f  i n t e r f a c e s ?  s t r a i n  a n d  d e f e c t s  l i k e  
s t a c k i n g  f a u l t s ,  t w i n s ,  a n d  d i s l o c a t i o n s .  T h e  t o t a l  f r e e  e n e r g y  
f u n c t i o n  f o r  a  p a r t i c u l a r  p h a s e  s h o u ld  r e a l l y  t a k e  i n t o  a c c o u n t  
a l l  t h e s e  f a u l t s  an d  t h e i r  p o s s i b l e  v a r i a t i o n s  w i t h  t e m p e r a t u r e .  
A c c u r a c y  o f  p r e d i c t i o n  w i l l  d e p e n d  u p o n  t h e  a v a i l a b i l i t y  o f  
p e r t in e n t  d a t a .  H o w e v e r ,  an  a t t e m p t  c a n  s t i l l  b e  m ade e v e n  i n  
t h e  a b s e n c e  o f  s u c h  d a t a .
3 . 1 . 3  C h o ic e  o f  m o d e l f o r  f r e e  e n e r g y  c a l c u l a t i o n s
T h e  f i r s t  s t e p  t o w a r d s  s u c h  an  a n a l y s i s  n e c e s s i t a t e s  
t h e  a d o p t io n  o f  a  m o d e l t h a t  w i l l  d e s c r i b e  a d e q u a t e l y  t h e  
o r d e r i n g  b e h a v io u r  i n  t h e  p a r e n t  an d  p r o d u c t  p h a s e s . P h a s e
TABLE 3.1
Lattice stability parameters for copper and zinc.
M e t a l
AG v a l u e s  f ro m  R e f . 7 9 . 
J / m o l .
AG v a l u e s  a c t u a l l y  
u s e d  i n  t h e  p r e s e n t  
w o r k .
J / m o l .
C o p p e r AGjFCC BCC _  g 2 ? 0  __ 3 . 3 4  T 6270 - 2 .5 1  T
Z in c AGHCP  -  FCC  _  18 40 _ 1. 67 t
a g FCC  BCC = 1045 _  q .84 T
Sam e a s  i n  
R e f .7 9 .
n ii H
Fre
e 
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rgy
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ren
ce 
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no
le)
F I G . 3 .3  : F r e e  e n e r g y  d i f f e r e n c e s  b e tw e e n  t h e
a ( c o m p le x  c u b i c ) ,  0 ( p r i m i t i v e  c u b i c ) ,  
y  ( F  C C ) , a n d  6 ( B C C )  fo rm s  o f  m a n g a n e s e  
a s  a  f u n c t i o n  o f  t e m p e r a t u r e  ( R e f . 7 9 ) .
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t r a n s i t i o n s  i n  g e n e r a l  h a v e  b e e n  s t u d i e d  m a k in g  u s e  o f  
a p p r o x im a te  s o l u t i o n s  o f  t h e  I s i n g  m o d e l o r i g i n a l l y  p r o p o s e d
/ QQ _  g2 )
t o  d i s c u s s  t r a n s i t i o n s  i n  m a g n e t i c  s y s t e m s '  . S e v e r a l
a p p r o x im a t io n s  o f  t h e  I s i n g  m o d e l h a v e  b e e n  p r o p o s e d ,  t h e
(83p r i n c i p a l  o n e  among th e m  b e in g  o r i g i n a l l y  d u e  t o  B r a g g - W i l l i a m s  
G o r s k y ^ 4 } B e t h e  , G u g g e n h e im  a n d  F o w le r  , K ir k w o o d ^ 3 7  ^ , a n d
/ O O N
K a c h a t u r y a n  . T h e  B W G  m o d e l i s  t h e  s i m p l e s t  o n e ,  a n d  i t
(1 9  8 9 - 9 4 )h a s  b e e n  m o d i f i e d  b y  In d e n  a n d  o t h e r s  ' t o  t a k e  i n t o
a c c o u n t  n e a r e s t ,  a s  w e l l  a s  n e x t  n e a r e s t  n e ig h b o u r  i n t e r a c t i o n s
i n  t h e  B C C  a n d  F C C  p h a s e s .  A g r e e m e n t  o f  t h e  m o d e l p r e d i c t i o n s
w i t h  t h e  e x p e r im e n t a l  d a t a  h a s  b e e n  f o u n d  t o  b e  s u f f i c i e n t l y
g o o d ,  a t  l e a s t  f o r  a  s e m i q u a n t i t a t i v e  d e s c r i p t i o n  o f  t h e
e x p e r im e n t a l  f i n d i n g s  i n  F e - S i ^ 1 3 ^ , F e - A l^ 9 ^ ,  F e - C o ^ 9 6 ^
s y s t e m s ,  a n d  i n  som e p a r a m a g n e t i c  a l l o y  s y s t e m s  l i k e  A u - C u - Z n  
(1 9 )a n d  A u - A g - Z n  . I n  v i e w  o f  i t s  p r o m is e ,  i t  h a s  b e e n  a d o p te d  
a s  t h e  b a s i s  o f  o u r  m o d e l c a l c u l a t i o n s  i n  t h e  p r e s e n t  s t u d y .
T h e  s a l i e n t  f e a t u r e s  o f  t h e  m o d e l a s  a p p l i e d  t o  t h e  B C C  
a n d  F C C  c a s e s  a r e  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n .  A  m o re  
d e t a i l e d  d e s c r i p t i o n  o f  how  t h i s  h a s  b e e n  a p p l i e d  t o  t h e  p r e s e n t  
r e s e a r c h  p r o b le m  w i l l  b e  fo u n d  i n  C h a p t e r  5 .
3 .2  B IN A R Y  B C C  P H A S E  - B W G  MODEL
3 . 2 . 1  D e f i n i t i o n  o f  o r d e r  p a r a m e t e r s
T h e  m a in  f e a t u r e  o f  t h e  B W G  m o d e l i s  t h e  d e s c r i p t i o n  
o f  a t o m ic  d i s t r i b u t i o n s  a s  ra n d o m  i n s i d e  c e r t a i n  s u i t a b l e  
s u b l a t t i c e s .  T h e  c h o i c e  o f  t h e s e  s u b l a t t i c e s  f o l l o w s  f ro m  t h e  
k i n d  o f  i n t e r a c t i o n  b e tw e e n  a to m s .  I t  h a s  b e e n  t h e o r e t i c a l l y  
show n  b y  R i c h a r d s  a n d  C a h n ^ 9 7  ^ t h a t  b o t h  n e a r e s t  n e ig h b o u r  a n d
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n e x t  n e a r e s t  n e ig h b o u r  i n t e r a c t i o n s  h a v e  t o  b e  t a k e n  i n t o  
a c c o u n t  i n  d e t e r m in in g  t h e  n a t u r e  o f  o r d e r i n g  i n  B C C  o r  
F C C  a l l o y s .  T h e  B C C  l a t t i c e  ( F i g .  3 . 4 ) m ay b e  d i v i d e d  
i n t o  f o u r  F C C  s u b l a t t i c e s ,  I ,  I I ,  I I I ,  a n d  I V ,  w i t h  t h e  
a t o m ic  c o n f i g u r a t i o n s  d e s c r i b e d  b y  o c c u p a t i o n  p r o b a b i l i t i e s  
'P p L l  o f  s u b l a t t i c e  s i t e  ' L 1 b y  t h e  c o m p o n e n t  *i 1. T h e  
a to m s  i n s i d e  ( I  + I I )  a r e  n e a r e s t  n e ig h b o u r s  w i t h  r e s p e c t  
t o  t h e  a to m s  i n s i d e  ( I I I  + I V )  a n d  v i c e - v e r s a ;  t h e  a to m s  
i n s i d e  I  o r  I I I  a r e  s e c o n d  n e a r e s t  n e ig h b o u r s  w i t h  r e s p e c t  
t o  t h e  a to m s  i n s i d e  I I  o r  I V  , r e s p e c t i v e l y ,  an d  v i c e - v e r s a
A n y  a t o m ic  c o n f i g u r a t i o n  i n  a  b i n a r y  a l l o y  A^ 
c a n  t h e n  b e  d e s c r i b e d  w i t h  t h e  a i d  o f  t h e  f o l l o w i n g  t h r e e  
s u i t a b l e  p a r a m e t e r s ,  w h ic h  a r e  a  c o m b in a t io n  o f  t h e  in d e p e n -
Y
d e n t  o c c u p a t io n  p r o b a b i l i t i e s  p^  .
x , i  I  , I I  I I I  I V  \x  =  h (p a  +  pA -  pA  -  pA  )A • • o ■ (3a~L«cl)
L / I  I I  N
Z = *  ( P a  -  P A  >
 ( 3 ! . b )
. . . . (3  . 1 .  c )
T h e  p r o b a b i l i t i e s  i n  t e r m s  o f  t h e s e  p a r a m e t e r s  a r e  g i v e n  b y
(a )  P A  = CA  + x  + z ( e )  p B  = C B  - x  - z
(h )  P A I]C= CA  + x  - z .
/ % H I( c )  pA  = C A - x  + yA
( f )  p B I3: = CB  - x  + z
(g) p bI I I =  cB + x  - y
 (3.2)
(r i)  P A I V  = CA  - x  - y (h )  p B I V  = CB  + x  + y
r e s p e c t i v e l y .
T h e  l i m i t s  o f  t h e  p a r a m e t e r s  d e p e n d  o n  t h e  c o m p o s i t io n  
o f  t h e  a l l o y ,  a n d  a r e  g i v e n  b y  :
( a )  0  £ x  < CB  f o r  0  *  Cty £ 0 . 5
(b )  0  £ y  < m in  (C A  -  x ,  Cty + x ) ....(3.3)
( c )  O < z < m in  (Cty + x ,  Cty -  x )
T h e  g r e a t e s t  v a l u e  o f  t h e s e  p a r a m e t e r s  c o r r e s p o n d s  t o  t h e  
h i g h e s t  d e g r e e  o f  o r d e r .
’.An e q u a l  d i s t r i b u t i o n  o f  t h e  a to m s  o n t o  t h e  f o u r  s u b ­
l a t t i c e s  (ra n d o m  d i s t r i b u t i o n  c o r r e s p o n d in g  t o  s t r u c t u r e  A  2) 
i s  o b t a in e d  w h en  x  = y  = z = 0 .
T h e  s t a t e  x / 0 ,  y = z  = 0  i n d i c a t e s  'A *  p r e f e r e n t i a l l y  
o c c u p y in g  I  a n d  I I  (x  > 0 ) ,  o r  I I I  a n d  I V  (x  < 0 ) .  I t  
f o l l o w s  t h a t  t h e  n u m b e r o f  A  B  n e ig h b o u r s  i n  n e a r e s t  n e ig h b o u r  
( n . n )  p o s i t i o n s  i s  i n c r e a s e d ,  i . e .  t h i s  c o r r e s p o n d s  t o  t h e  B 2  
s t r u c t u r e -
F ro m  a n  e q u i v a l e n t  s t a n d p o i n t ,  i t  f o l l o w s  t h a t  
y  /  0 ,  o r  z /  0  d e s c r i b e s  a  s u r p l u s  o f  A  a to m s  i n  n e x t  n e a r e s t  
n e ig h b o u r  ( n . n . n )  p o s i t i o n s ,  w h ic h  c o r r e s p o n d s  t o  t h e  
D Cty s t r u c t u r e .
3 . 2 . 2  E x p r e s s i o n  f o r  c o n f i g u r a t i o n a l  f r e e  e n e r g y
A  b i n a r y  B C C  s o l i d  s o l u t i o n  w i t h  a  h o m o g e n e o u s  
d i s t r i b u t i o n  o f  s o l u t e  m ay b e  t a k e n  a s  t h e  f i r s t  e x a m p le .
T o  d e t e r m in e  w h a t  a t o m ic  c o n f i g u r a t i o n  i n  t h i s  s o l i d  s o l u t i o n
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where and Cty are concentrations of A  and B,
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i s  m o s t  s t a b l e  a t  a  f i x e d  t e m p e r a t u r e  T ,  a n d  f o r  a  f i x e d  a l l o y  
c o m p o s i t io n ,  t h e  f r e e  e n e r g y  i s  c a l c u l a t e d  u n d e r  t h e  a s s u m p t io n  
t h a t  t h e  c o n f i g u r a t i o n a l  p a r t  c a n  b e  s e p a r a t e d  f ro m  t h e  o t h e r  
c o n t r i b u t i o n s .  T h e  m o s t  s t a b l e  a t o m ic  c o n f i g u r a t i o n  t h e n  
f o l l o w s  f ro m  t h e  m in im u m  v a l u e  o f  t h e  c o n f i g u r a t i o n a l  f r e e  
e n e r g y / m o le  a lo n e  w h ic h  i s  g i v e n  b y :
BCC
G(b) = U° -  NCa Cb (4 W(1) + 3W( 2 ) ) ( 8 W(1 ) -  6 W(2) ) x 2
, 0 TT( 2 ) . 2 . 2 . + 3 Wv 7 (y  + z )
L  '•
L  L  L  n L
P A  P A  P B  P B
. . . (3 .4 )
T h e  f i r s t  t e r m  U °  i s  t h e  t h e  i n t e r n a l  e n e r g y  o f  p u r e  c o m p o n e n ts ;  
t h e  s e c o n d  t e r m  i s  t h e  e n e r g y  o f  m ix in g ;  t h e  t h i r d  t e r m  g i v e s  
t h e  e n e r g y  c o n t r i b u t i o n  d u e  t o  o r d e r i n g ,  a n d  t h e  f o u r t h  t e r m  
i s  t h e  e n t r o p y  c o n t r i b u t i o n  o f  t h e  c o n f i g u r a t i o n  w h ic h  m ay 
a l s o  b e  e x p r e s s e d  i n  t e r m s  o f  x ,  y ,  z .  N i s  A v a g a d r o 's  
n u m b e r , an d  k  t h e  B o lt z m a n n ,  c o n s t a n t .  T h e  p a r a m e t e r s  a n d W ^
a r e  t h e  i n t e r c h a n g e  e n e r g i e s  o f  t h e  p r o c e s s ,  2 A3  AA + B B  
f o r  n . n .  a n d  n . n . n . ,  r e s p e c t i v e l y ,  an d  f o r  e q n , ( 3 . 4 )  t o  b e  v a l i d ,  
t h e s e  a r e  e x p r e s s e d  i n  Ic u n i t s '  :
—24 —24
l k  u n i t  = 3 .3  x  10 c a l  = 1 3 .8  x  10 J .
T h e s e  a r e  d e d u c e d  f ro m  t h e  n e a r e s t  a n d  n e x t  n e a r e s t  n e ig h b o u r
( K ) "b o n d  e n e r g i e s ,  ^ . T h u s  :
f W (1 )  -  - 2 V  ( 1 )  +  V ( 1 )  +  V  (1 )( a ) w  - - 2 v a b  + v a a  + v b b
• * ■ • \ J ■ J J
( 2 ) _  9 ( 2 ) ( 2 ) ( 2 )(b )  W -  - 2 Va B  + + VB B
A c c o r d in g  t o  t h i s  d e f i n i t i o n ,  p o s i t i v e  v a l u e s  f o r  a n d
( 2 )W c o r r e s p o n d  t o  g r e a t e r  a f f i n i t y  b e tw e e n  u n l i k e ,  t h a n
b e tw e e n  l i k e  a to m s . T h e s e  e n e r g i e s  a r e  p re s u m e d  t o  b e  
in d e p e n d e n t  o f  t e m p e r a t u r e  a n d  o f  e n v i r o n m e n t  o f  a to m  s i t e s
w h e re  t h e  i n t e r c h a n g e  p r o c e s s  i s  c o n s id e r e d .  I f  t h e  v a l u e s
( 1 ) ( 2 ) BCC o f  W a n d  W a r e  k n o w n , c a n  b e  c a l c u l a t e d
w i t h  r e s p e c t  t o  x , y , z ,  t r e a t i n g  t h e  t e m p e r a t u r e  an d  t h e  a l l o y
c o m p o s i t io n  a s  f i x e d  p a r a m e t e r s .  T h e  m o s t  s t a b l e  c o n f i g u r a t i o n s
a r e  t h e n  d e d u c e d  f ro m  :
(1 )  t h e  n e c e s s a r y  e q u i l i b r i u m  c o n d i t i o n s
a n d
9G(b) 9G ,, , 3G ... (b) (b) =  0
9x 9 z
(2 )  t h e  s u f f i c i e n t  e q u i l i b r i u m  c o n d i t i o n s  t h a t  a l l  
p r i n c i p a l  m in o r s  o f  t h e  f u n c t i o n a l '  m a t r i x  :
. . ( 3 . 6 )
 ^2 G (b) I w i t h  
T e  3 T
e , t  = x , y , z  a r e  p o s i t i v e
3 . 2 . 3  E x p r e s s io n s  f o r  c r i t i c a l  o r d e r i n g  t e m p e r a t u r e s
F ro m  an  a n a l y s i s  o f  t h e  s u f f i c i e n t  c o n d i t i o n s ,  i t
c a n  b e  d e d u c e d  t h a t  t h e r e  a r e  t h r e e  t e m p e r a t u r e  i n t e r v a l s
i n  w h ic h  t h e  m in im um  o f  G c o r r e s p o n d s  t o  e i t h e r  A  2 ,  B  2 ,
o r  D O ^  t y p e  c o n f i g u r a t i o n s .  T h e  c r i t i c a l  t e m p e r a t u r e s
T ( A 2 / B 2 )  , T  ( B 2 / D  0 , )  , b y  w h ic h  t h e s e  i n t e r v a l s  a r e  
x  y ^
m a rk e d ,  d e p e n d  on  t h e  i n t e r c h a n g e  e n e r g i e s  a n d  a l l o y  com po­
s i t i o n ,  a s  s e e n  f ro m  t h e  f o l l o w i n g  e x p r e s s io n s  :
42
BWG
k T. (A 2 / B 2) . . . ( 3 . 1 )x
. . . . ( 3 . 8 )
f o r  W (1  ^ > 0 a n d  0 £ W (2 )  < 2/ 3 W (1 )
o r W (1 ) > 0  a n d  W (2 )  < 0 .
S o  i f  W ^  a n d  W^2  ^ a r e  kn o w n  q u a n t i t a t i v e l y ,  t h e  c r i t i c a l  
t e m p e r a t u r e  i»x BWG (A2  /  B 2 )  c a n  b e  c a l c u l a t e d  d i r e c t l y  f ro m
e q u a t io n  ( 3 . 7 )  w i t h  r e s p e c t  t o  t h e  a l l o y  c o m p o s i t io n .  T h e
f ro m  e q u a t io n  ( 3 . 6 ) .  T h e  s i g n i f i c a n c e  o f  t h e  s u p e r s c r i p t  BWG 
i s  e x p la in e d  i n  s e c t i o n  3 . 5 . 2 .
3 . 3  TERN ARY B C C  P H A S E  (BW G M ODEL)
3 . 3 !  D e f i n i t i o n  of^ o r d e r  p a r a m e t e r s
T h e  e x t e n s i o n  o f  t h e  b i n a r y  BWG m o d e l t o  t h e  t e r n a r y  
s y s t e m  i s  a c h i e v e d  b y  s l i g h t  a l t e r a t i o n s  t o  t h e  d e f i n i t i o n s  
o f  t h e  o r d e r  p a r a m e t e r s .
A  t e r n a r y  a l l o y  w i t h  c o n c e n t r a t i o n s  C ^ , CB , a n d  Cc  o f  
t h e  t h r e e  c o m p o n e n ts  A ,  B ,  a n d  C ,  i s  c o n s id e r e d .  T h e  t o t a l  
n u m b er o f  a to m s  i s  N , d i s t r i b u t e d  o v e r  4 NQ l a t t i c e  s i t e s .
T h e  o c c u p a t io n  p r o b a b i l i t i e s  p ^  ( i  = A , B , C ;  L  = 1 ,1 1 ,  I I I ,  I V )  
a r e  c o m b in e d  t o  g i v e  t h e  o r d e r  p a r a m e t e r s  a s  f o l l o w s  :
BWGc r i t i c a l  t e m p e r a t u r e  T ^  (B 2 /D C > 3 ) c a n  b e  c a l c u l a t e d  f ro m  
e q u a t io n  ( 3 . 8 )  u s in g  a  n u m e r i c a l  d e t e r m in a t i o n  o f  x mi n ( T y )
43
/ , i , I  , I I  I I I  I V  , %
( a )  x .  = k  ( p .  + p . -  p .  -  p .  )
, I I I  I V ,
( b )  y .  = % ( P j  -  P j  )
/ \ , f I  I I I ,<c )  z .  = % ( p  -  p .  )
 (3.9)
j  = a , b
T h e  o c c u p a t i o n a l  p r o b a b i l i t i e s  P ^ ^  a r e  o b t a in e d
i n  t e r m s  o f  x . ,  y . ,  z . ,  a s  f o l l o w s  :
3 3 3
( a )  P a 1 = CA  + XA  + z a  '• (b )  P a 11 = c a  + x a  -  z a
/ % I I I  _ / _* I V  __
(o )  P A  = CA “  X a + y a 7 (d )  P A -  C a ”  X A - y A
(3 .1 0 )
<e) P b 1 = c b  + x b + z b  ; ( f )  P b 11 = c b  + x b “ z b
(g) Pb 111 = C g - ^  + y g ;  (h) pB IV = c B - x B - y B j
(3 .1 1 )
( k )  p c  = Cc  - (x A  + x B ) -  ( z A  + Z B ) ;
(1 )  p / 1 = Cc  - (x A  + x B ) + (z A  + zB ) ;
T T T
(m) p c  = Cc  + (x A + x B ) -  l y  + y B ) ;
Cn) Pc
I V
CC + ( x A .+ x B> + ^ A ^ B 5
( 3 . 1 2 )
T h e  v a r i a t i o n  i n t e r v a l s  f o r  t h e  o r d e r  p a r a m e t e r s ,  x^ an d  
o b t a in e d  on  im p o s in g  t h e  c o n d i t i o n s  :
0  £ p ( L )  < a n d  + CB  + Cc  = 1 a r e
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( a )  - M in (C A , 1 - CA ) 5? xA  ^ M in (C A , 1 - CA )
(b )  - M in  t y  - xA ) , 1 - CA  + x j ,  .< y A S M in  [ t y  -  x& > , 1 - Cf i+ x j
( c )  N = M in  (cB - x B , 1 - (C B  - x B ) )
( d )  N 3 = M i n  (Cc  + (x A  + x 0 ) , 1 - Cc  - ( x A  + x f i ) ) ^  ^
( e )  M ax ( -  CB , -  Cc  - xA ) £ x B  £ M in O t y ,  Cty - xA )
( f )  M a x ( - N 2 , - N 3 - y A ) £ y B  < M in (N 2 , N 3 - y A )
3 . 3 . 2  E x p r e s s io n ,  f o r  c o n f i g u r a t i o n a l  f r e e  e n e r g y
T h e  c o n f i g u r a t i o n a l  f r e e  e n e r g y / m o le  G (b )O f t h e  t h r e e -  
co m p o n e n t s o l i d  s o l u t i o n  i s  g i v e n  b y  :
BCC
G ( t )  = Uo - N { 4 (C A  CB  W<1>A B  + CA  Cc W AC + CB  CC W BC  )
+ 3 ( c a C b W * A B  + CA CC W AC + CB CC W BC  ^ }
N L R  2 R  2 , , R  R  _ R  .
2 I AC X A  BC  X B  ( E  AC BC  “  E  A B  XA  X B
+ 3 W ( 2 > ( y  2 + z 2 ) + 3 W ( 2 > ( y 2 + z 2 ) + 3 ( w ( 2 > + W ( 2 >AC W A  A  * BC U B  B  J v AC BC
- w (2) 1 (y y +z Z ) U «  s 2 p . (L ) m  P . (L) w A B  K A  B  a V /  4 i  L  p i  p i
w h e r e  E R . . = ( s  W *1 * . - 6 W ( 2 ? . l  
13 t 1 3  13*'
T h e  f i r s t  t e r m  i s  t h e  i n t e r n a l  e n e r g y  o f  t h e  p u r e  c o m p o n e n ts ;  
t h e  s e c o n d  i s  t h e  e n e r g y  o f  m ix in g ;  t h e  t h i r d  t e r m ,  t h e  e n e r g y
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c o n t r i b u t i o n  d u e  t o  o r d e r i n g ;  a n d  t h e  f o u r t h  t e r m ,  t h e  e n t r o p y  
c o n t r i b u t i o n  d u e  t o  o r d e r i n g  w h ic h  c a n  a l s o  b e  e x p r e s s e d  i n  
t e r m s  o f  x ^ , y j , z^ p a r a m e t e r s .  N i s  t h e  A v a g a d r o s  n u m b e r , 
an d  k  t h e  B o lt z m a n n  c o n s t a n t .
3 . 3 . 3  E x p r e s s io n s  f o r  c r i t i c a l  o r d e r i n g  t e m p e r a t u r e s
T h e  n e c e s s a r y  c o n d i t i o n s  f o r  a  m in im um  i n  G a t  T f o r  
a  c o m p o s i t io n ,  a r e  :
9 G  9 G- 9G
a t y  =  s t y  =  a ¥ 7  =  0  1  “  A ' B - - . . ( 3 . 1 5 )
T h e  s u f f i c i e n t  c o n d i t i o n s  a r e  t h a t  t h e  p r i n c i p a l  m in o r s  o f  t h e  
m a t r i x  :
3 G:t 
9 e 9t
w ith -  e ,x  = x i '  ^ i '  z i '  a r e  p o s i t i v e .
T h e  a n a l y s i s  o f  t h e s e  c o n d i t i o n s  l e a d s  t o  t h e  sam e c o n c lu s i o n s  f
a s  i n  t h e  b i n a r y  c a s e ,  a n d  t h e  c o r r e s p o n d in g  e x p r e s s io n s  f o r
T  . ( A 2 / B 2 )  a n d  T  ( B 2 / L 2 , )  a r e  o b t a in e d  a s  b e lo w  :
y  j*
BWG
k  Tx  - (A 2 / B 2 ) = 0 . 5 ^ C 1 C .E . . + / | S  C - C . E y j  -
 - I  [ E A C + E BC  -  t a ]  ^  }  . . . . ( 3 . 1 6 )
w h e r e  i j  = A B ,  A C , B C ,  a n d  E .  . = f 8 W (1 .*. - 6 W^2 ? . ]
13 I 13 13  J BWG
k TyBM3(B 2 A 2 i ) =  3 { n + A 2 -  (4  W(t y  w t y  -  [ w t y  + w t y  . . . .
- W' 2t a 2 l BWG (CA - XA> " V V  (CC +  XA  +  V  }
... (3.17)
4 6
where fl
BWG
BWG
BWG
XA  an d  x B  a r e  t h e  v a l u e s  o f  t h e  o r d e r  p a r a m e t e r  i n  n e a r e s t
3 .4  BWG MODEL A S  A P P L IE D  TO B IN A R Y  
AND T ER N A R Y  FCC  A L L O Y S
3 . 4 !  D e f  i n i t i o n  ' o f  o r d e r  p a r a m e t e r s
I n  t h e  FCC  a l l o y s ,  e i g h t  s u b l a t t i c e s  h a v e  t o  b e  
c o n s id e r e d  f o r  a  r i g o r o u s  a n a l y s i s  . H o w e v e r ,  s u c h  
a  t r e a t m e n t  i s  t o o  c o m p l i c a t e d  a n d ,  f o r  t h e  s a k e  o f  s i m p l i c i t y  
u s u a l l y  o n l y  t h e  o r d e r e d  a t o m ic  c o n f i g u r a t i o n s  i n  n e a r e s t
p o s i t i o n s  a r e  c o n s id e r e d ,  i . e .  o n l y  f o u r  s u b l a t t i c e s  a r e  t a k e n
r2) (94)
H o w e v e r ,  t h i s  d o e s  n o t  m ean  t h a t  W c a n  b e  ig n o r e d
a s  i t  h a s  b e e n  sh o w n  t h a t  o r d e r e d  a to m ic  c o n f i g u r a t i o n  i n
n e a r e s t  n e ig h b o u r s  m ay b e  s t r e n g t h e n e d  b y  e n e r g i e s  o f  t h e
s e c o n d  s h e l l .
p a r a m e t e r s  a r e  d e f i n e d  e x a c t l y  a s  i n  t h e '  BCC  c a s e ,  an d  t h e  
v a r i o u s  r e l a t i o n s  b e tw e e n  o c c u p a t i o n a l  p r o b a b i l i t i e s  a n d  t h e  
c o m p o s i t io n  a r e  t h e  sam e a s  f o r  t h e  BCC a l l o y s ,  b o t h  b i n a r y  
an d  t e r n a r y .  I t  f o l l o w s  t h a t  t h e  sam e s h o u ld  b e  t r u e  f o r  t h e  
e n t r o p y  e x p r e s s io n s  a s  w e l l .
n e ig h b o u r  p o s i t i o n s  a t  T = T .
S i n c e  o n l y  f o u r  s u b l a t t i c e s  a r e  c o n s id e r e d ,  t h e  o r d e r
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T h e  c o n f i g u r a t i o n a l  f r e e  e n e r g y  f o r  t h e  b i n a r y  FCC 
a l l o y  i s  g i v e n  b y  t h e  e x p r e s s io n  :
3.4.2 Expressions for free energy
FCC
(b ) U ° - 6 N Ca Cb  (W ( 1 )  +  f  ' ) 
4
( 2 ) -
- N ( 2 x 2 + y 2 + z 2 )
r w ( 1 )  -  3 w { 2 ) ] + ^  P aL  I n  P A + P bL  l n  p BL
w h e r e  a l l  t h e  t e r m s  h a v e  t h e  sam e s i g n i f i c a n c e  a s  i n  e q u a t io n  ( 3 . 4 )
F o r  t h e  t e r n a r y  a l l o y s ,  t h e  c o n f i g u r a t i o n a l  f r e e  
e n e r g y  i s  : 1
FCC
6 < t T  = D ° - 6 N p A CB (w (11 b + % W < 2 1 b ) + C A C c ( w t AC + % W  a !
+ c b c c (w ( 1,+ ^ (2b c 0 ' 1,[ ( 2 x a  + ?a  + za2) (w(1i c - ! « (2i !
2 2
+  ( 2 x b  + y B + Z b 2 ) ( w ^ - f w ^ )  + ( 2 ^ x B +  yA yB +  zA Z B )
/ W <1> - 3 (2) (1) _  3 (2 ) _  (1) 3 (2) 1 1
\ AC 2 AC BC 2 BC AB 2 w AB J _
NkT
I *  l n  p aL  + p B  I n  p _ L  + p B  l n  p n L  . . . ( 3 . 1 9 )
L=1
w h e r e  t h e  d i f f e r e n t  t e r m s  h a v e  t h e  sam e s i g n i f i c a n c e s  a s  i n  
e q u a t io n  ( 3 . 1 4 ) .
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S i n c e  o r d e r i n g  i n  n e a r e s t  n e ig h b o u r  o n l y  i s  c o n s id e r e d ,  
t h e  r a n g e  o f  p o s s i b l e  v a l u e s  f o r  t h e  i n t e r c h a n g e  e n e r g i e s  i s
3.4.3 Expressions for critical temperatures
W ( 1 )
(2 )  ( 9 4 )> 0 W < 0  . T h e n  t h e  u p p e rm o s t  c h e m ic a l  o r d e r /
d i s o r d e r  t r a n s i t i o n  i s  L l t y  A l  w h i c h ,  a t  C_, = 0 . 5 ,
Z  B
c o i n c i d e s  w i t h  L l Q^  A l .  T h e s e  t r a n s i t i o n s  a r e  p r e d i c t e d
(9 1 )t o  o c c u r  d i s c o n t i n u o u s l y  . F o r  p a r a m g n e t ic  an d  d ia m a g n e t i c  
b i n a r y  a l l o y s ,  t h e  c r i t i c a l  t e m p e r a t u r e  o f  t h e  t r a n s i t i o n  i s  
g i v e n  b y  :
kT  2 = 4 C ( 1 - C  ) (~W(1) -  |  W<2H  (3
z BWG
F o r  t e r n a r y  a l l o y s ,  t h e  c r i t i c a l  t e m p e r a t u r e  i s  g i v e n  b y
k T BWGL l 2  = 9 + { 02- CA CB CC C16 ( W '(1 i c  "  l w ( 7 c BWG
(«U L -  - <(»ui  - !-l2iBWG
+ W ( D  _  1  (2 )  _  U )  + 3 C2) y r f f
W BC 2 BC  W A B  2 W A b J J J  * * * U
w h e re  9 = [2  Cft Cc  ( w ' t y  -  §  w t y )  + 2 CB  CG ( w t y  - §  W t y )
+  2 c a c b  (.w ( 1 1 b  -  I  w  a b ) BWG
I
2 0 )
.21)
3.5 DETERMINATION OF ENERGY PARAMETERS
(K )3 . 5 . 1  D e t e r m in a t i o n  o f  W ; f ro m  e n e r g y  m e a s u r e m e n ts
S i n c e  W ®  a r e  e n e r g y  p a r a m e t e r s ,  t h e y  a r e  m o s t  e a s i l y  
d e t e r m in e d  f ro m  e n e r g y  m e a s u re m e n ts  l i k e  e n t h a l p i e s  o f  m ix in g  
o f  ra n d o m  a l l o y s ,  o r  e n t h a l p i e s  o f  f o r m a t i o n  GH ( C , T )  o f  
a l l o y s  w i t h  g i v e n  a t o m ic  c o n f i g u r a t i o n s .  T h e s e  e n t i t i e s  c a n
/v\
im m e d ia t e l y  b e  e x p r e s s e d  b y  m ean s  o f  W fo r  a  b i n a r y  a l l o y
B c  w it h ,  r e f e r e n c e  t o  t h e  p u r e  c o m p o n e n ts  i n  t h e  sam e 
c r y s t a l  s t r u c t u r e  a s  t h e  a l l o y  f o r m e d ,  e . g .  B C C  :
(a) Gtt A2 = - N C ( l - C )  [4 W (1) + 3 W ^ 2) I
CC)
(b) G TT B 2  = - N  [C (4 W (1) + 3 W ^ 2 ) - 6 G 2 for C < 0.5
(C, T = 0°K) L  J
(c)' G 3 = - N  C (4 W (1) + 3 W (2) ) for 0 $ C $ 0 . 2 5
H (C,T = 0°K)
(d) = - N [ l . 5  W (2)+ C ( 4 W C1) - 3 W ^ 2 ) ) J  .
for 0.25 $ C $0.5
(e) G = - N  [c ( 4 W (1) + 3 W (2)) - 4 C  2 W (1)_|
(C,T =  0°K) L  f o r  C < 0.5
.. .Eqn.3.22
Similarly, for FC C solid solutions, one g e t s  ;
(f) Gu A 1  = - N C ( l - C )  ( 6 W (1) + 3 W C2))
H (C)
(g) G L l 0 = - N  fc.(6W{1) + 3 W (2)) - C 2 (4 W C1) + 6 W (2*)1
H (C,T=0°K) •
for C $ 0.5
(h) G L 1 2 = - N f c  (6 W (1) + 3  W C2)) - 12 C 2 W C2H
(C'T = 0 °K) for 0 $ C £ 0 . 2 5
(k) G„ Pmmni = - N fa(1) - 1.5 W (2) + C( 2 + 9 W ^ 2) ) - 12 C 2W ^
(C,T=0°K) L
for 0 . 2 5 ^ C < 0 . 5  J 
...E q n .3.23
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H e r e ,  N i s  t h e  t o t a l  n u m b er o f  a to m s , ,  a n d  t h e  l a b e l  T  = 0 °K  
i n d i c a t e s  t h a t  t h e s e  e x p r e s s io n s  h o ld  f o r  c o m p le t e l y  lo n g - r a n g e  
o r d e r e d  a l l o y s .
I f  t h e  e x p e r im e n t a l  e n t h a l p i e s  o f  f o r m a t io n  r e f e r  t o  
t h e  s t a n d a r d  s t a t e s  o f  p u r e  c o m p o n e n ts  w i t h  c r y s t a l  s t r u c t u r e s  
d i f f e r i n g  f ro m  t h a t  o f  t h e  a l l o y  fo rm e d ,  t h e s e  d a t a  m u s t  b e  
c o n v e r t e d ,  a s  d e s c r i b e d  i n  S e c t i o n  3 . 1 . 2 .
(K )3 . 5 . 2  D e t e r m in a t io n  o f  W f ro m  c r i t i c a l  t e m p e r a t u r e s
T h e  c r i t i c a l  t e m p e r a t u r e  o f  lo n g - r a n g e  o r d e r
( K)c a n  b e  c o n n e c t e d ,  w i t h  t h e  i n t e r c h a n g e  e n e r g i e s  W , o n l y
b y  m ean s  o f  s t a t i s t i c a l  m o d e ls .  Due t o  t h e  v a r i o u s  a p p r o x im a t io n s
(K )i n  t h e  v a r i o u s  m o d e ls ,  t h e  i n t e r c h a n g e  e n e r g i e s  W a s
d e t e r m in e d  f ro m  e n e r g y  m e a s u r e m e n ts ,  y i e l d  d i f f e r e n t  c r i t i c a l  
model (8 9 )  
t e m p e r a t u r e s ,  T c r - j_ t ic a l  *
T h e  s i m p l e s t  a p p r o x im a t io n  (BW G j y i e l d s  a n a l y t i c a l
BWG
e x p r e s s io n s  f o r  t h e  u p p e rm o s t  c r i t i c a l  t e m p e r a t u r e s  T c r i t  *
(K )i n  t e r m s  o f  C a n d  W . I t s  a d v a n t a g e  i s  t h e  m in o r  n u m e r i c a l
w o r k ,  a s  c o m p a re d  t o  t h e  a c t u a l l y  m o re  s o p h i s t i c a t e d  c l u s t e r
v a r i a t i o n  (C  V ) m e th o d . I t  h a s  b e e n  sho w n  f o r  BCC  a l l o y s
(K )t h a t ,  a s  f a r  a s  a  d e t e r m i n a t i o n  o f  W f ro m  c r i t i c a l  t e m p e r-
BWG
a t u r e s  i s  c o n c e r n e d ,  t h e  BWG r e s u l t s  c a n  b e  u s e d  i f  T . .c r r t
i s  c o r r e c t e d  b y  a  t e m p e r a t u r e  s c a l e  f a c t o r ,  x *  w h o s e  n u m e r i c a l
ro) n ) r e a l  BWG
v a lu e  d e p e n d s  on  t h e  • r a t i o  W / W  ? T c r i t  = ^ T c r i t
N u m e r i c a l  v a l u e s  o f  x' h a v e  b e e n  e s t im a t e d  t a k i n g  f o r  t h e  r e a l
c r i t i c a l  t e m p e r a t u r e  a t  C = 0 .5  t h e  C V  r e s u l t  T c r j _ t ( o  5)
f o r  BCC a l l o y s  ( F i g . 3 . 5 )  T h e r e b y ,  i t  t u r n e d  o u t  t h a t ,
f o r t u n a t e l y ,  t h e  e x p e r im e n t a l  t e m p e r a t u r e s  f o l l o w  t h e  t e m p e ra -
■ b WG
t u r e - s c a l e d  BWG r e s u l t s  T . . = X T m o re  c l o s e l y  t h a nc r i t  A c n t  d
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t h e  o r i g i n a l  C V  r e s u l t s .  F o r  FC C  a l l o y s ,  t h e  C V
(2)c a l c u l a t i o n s  h a v e  b e e n  d o n e  w i t h  W = 0 .  T h e  c o r r e c t i o n  
f a c t o r  i n  s u c h  c a s e s  i s  e s t im a t e d  t o  b e  i n  t h e  r a n g e  0 .5  £ x
( 9 4 )
£ .0 .9  i n  t h e  a b s e n c e  o f  p r e c i s e  i n f o r m a t i o n
(K )I t  i s  t h u s  p o s s i b l e  t o  d e t e r m in e  W v u s in g  t h e  
SRO  c o r r e c t e d  BWG f o r m u la e  f o r  t h e  u p p e r m o s t  c r i t i c a l  
t e m p e r a t u r e s .
BCC  : B2  *1A2 n x
k T ( c )  = x C d - C )  (8  W U J  -  6 W U i  . . . 3 . 2 4 ( a )
D0 3  -*■ A 2
K T (C ) = XC ( 1 - C )  6 W (2 )  . . . 3 . 2 4 ( b )
B 32 A2 /o\
K T j = x C ( l - C )  6 W '  ' . . . 3 . 2 4 ( c )
I t  d e p e n d s  o n  t h e  r a t i o  w ‘ 2 ' / W * 1 ' w h i c h  t r a n s i t i o n  e x h i b i t s  
t h e  h i g h e s t  c r i t i c a l  t e m p e r a t u r e  f o r  a  g i v e n  c o m p o s i t io n .
f c c : L l 2 -*- A l
K T ^ c )  = X C  (1  “  C )  (4 w * 1 * - 5 w ( 2 * . . . 3 . 2 5  »
F o r  BCC  a l l o y s  t h e  v a l u e  o f  x m u s t  b e  t a k e n  f r o m  F i g .  3 . 5 .
F o r  FC C  a l l o y s ,  a s  n o  s u c h  x v s .  p l o t  e x i s t s  t h e
v a l u e  h a s  t o  b e  c h o s e n  d e p e n d in g  o n  t h e  a c c u r a c y  o f  in f o r m ­
a t i o n  r e g a r d i n g  o r d e r i n g  t e m p e r a t u r e  a n d  e n t h a l p y  o f  fo rm ­
a t i o n  ( S e e  S e c t i o n  5 . 6 . 4 ) .
3 . 5 . 3  D e t e r m in a t i o n  o f  b y  e x t r a p o l a t i o n
f ro m  t e r n a r y  d a t a  (B C C )
S o m e t im e s  c r i t i c a l  t e m p e r a t u r e  d a t a  f o r  a  b i n a r y  
s y s t e m  m ay  b e  u n o b t a in a b l e  f ro m  c o n s i d e r a t i o n s  o f  b i n a r y
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p h a s e  d ia g r a m s  a l o n e ,  e i t h e r  b e c a u s e  o f  t h e  n o n - o c c u r r e n c e  
o f  t h e  p h a s e  i n  q u e s t i o n  o r  b e c a u s e  o f  n o n - d e t e c t a b b i l i t y  
o f  c r i t i c a l  t e m p e r a t u r e ,  e . g .  A u -C u  a n d  A u - Z n .
I n  s u c h  c a s e s ,  a n  e x t r a p o l a t i o n  f r o m  t e r n a r y  t o  b i n a r y  
i s  s o m e t im e s  p o s s i b l e ,  d e p e n d in g  on  t h e  a v a i l a b i l i t y  o f  t h e  
f o l l o w i n g  d a t a ^ £ 9 ^ :
(1 )  T e r n a r y  o r d e r i n g  t e m p e r a t u r e s  rS ^ ( A 2 / B 2 )  o f  a n y  
r e l e v a n t :  q u a s i - b i n a r y  s e c t i o n  o f  t h e  s y s t e m  A B C .
(2 ) W ^  a n d  W^2  ^ p a r a m e t e r s  o f  a t  l e a s t  o n e  o f  t h e
b i n a r i e s  c o n s t i t u t i n g  t h e  t e r n a r y ,  ( s a y )  A B .
(3 )  E n t h a l p i e s  o f  f o r m a t i o n  o f  t h e  r e l e v a n t  s t r u c t u r e  f o r  
t h e  b i n a r i e s  AC a n d  B C  , o r  T y  (B 2  / L  2±) d a t a  f o r  a n y  t e r n a r y
c o m p o s i t io n .
T h e  c r i t i c a l  o r d e r i n g  t e m p e r a t u r e  T  ( A 2 / B 2 )  f o r  
t e r n a r y  a l l o y s  d e p e n d s ,  a s  c a n  b e  s e e n  f r o m  e q u a t i o n  ( 3 . 1 6 ) , on  
t h e  q u a n t i t i e s  :
w f  ( 1 ) 1
i i  = I 8 w. i i  “  6 W -m J  w i t Ix  i 3 = A B > B C / C A .
• J  J  BWG
I f ,  s a y ,  E a b  i s  k n o w n , t h e n  • E BC  an d  E'AC c a n  b e  v a r i e d  
u n t i l  t h e  b e s t  f i t  o f  t h e  e x p e r im e n t a l  d a t a  f o r  T x ( A 2 / B 2 )  i s  
o b t a in e d .  F ro m  t h e s e  e x p r e s s i o n s ,  t h e  t e m p e r a t u r e  T  (C  = 0 . 5 )
X
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f o r  t h e  b i n a r y  a l l o y s  A  C a n d  B  C a r e  o b t a in e d  s i n c e
T ( C = 0 . 5 )  i s  d i r e c t l y  p r o p o r t i o n a l  t o  th e m  ( s e e  e q u a t io n  ( 3 . 2 4 ) )
W i t h  t h i s ,  a  f i r s t  p i e c e  o f  i n f o r m a t i o n  f o r  W ^  a n d  W ^
i s  o b t a in e d ,  a s  sho w n  b y  e q u a t io n  ( 3 . 2 6 ) .  I f  t h e  e n t h a l p y  o f
ff o r m a t io n  AH  - ( A 2 )  (q - q 5 ) k n o w n , t h e n  a  s e c o n d  p i e c e  
o f  i n f o r m a t i o n  i s  a s  show n  b y  e q u a t io n  ( 3 . 2  7) , o b t a in e d  
b y  s u b s t i t u t i n g  C = 0 .5  i n  e q u a t io n  (.3 ,2 2 ) :
X L, W ( I )  1 . 5  Wk  k = T (C = 0 . 5 )   ( 3 . 2 6 )X
kN
2
r 2 W ^  1 . 5  W (2 )  ~   —  -----------
L- k  &
” A H (C = 0 . 5 )   ( 3 . 2 7 )
S o l u t i o n  o f  ( 3 . 2 6 1  an d  C 3 .2 7 )  w i t h  r e f e r e n c e  t o  t h e  p l o t  
( 2 }
o f  x v s  /  ( F i g . 3 . 5 ) , y i e l d s  t h e  s e p a r a t e  v a l u e s
o f  t h e  p a r a m e t e r s  W ^  a n d  W^2  ^ f o r  t h e  b i n a r y  A C  o r  
B  C , a s  t h e  c a s e  m ay b e .
i
I n  t h e  c a s e  w h e r e  e n t h a l p y  o f  f o r m a t io n  i s  n o t  a v a i l a b l e
b u t  c r i t i c a l  t e m p e r a t u r e  T ^ .C B 2 / L 2 ^) f o r  a n y  p a r t i c u l a r
t e r n a r y  c o m b in a t io n  i s  a v a i l a b l e ,  t h e n  t h e  f o l l o w i n g  p r o c e d u r e
c a n  b e  a d o p te d  t o  g e t  t h e  s e c o n d  i n f o r m a t i o n  n e e d e d  t o  s o l v e
f o r  W ^  a n d  W^'2  ^ . T h e  c r i t i c a l  t e m p e r a t u r e  T^  f o r
t e r n a r y  a l l o y s  ( s e e  e q u a t io n  ( . 3 . 1 7 )1  d e p e n d s  on  t h e  d e g r e e
o f  o r d e r  i n  n e a r e s t  n e ig h b o u r  e s t a b l i s h e d  a t  T  , a n d  on  t h e
(2 )
i n t e r c h a n g e  e n e r g i e s ,  W L .  I n  o r d e r  t o  g e t  t h e  v a l u e s  o f  
t h e s e  o r d e r  p a r a m e t e r s ,  t h e  t r a n s c e n d e n t a l  e q u a t io n s  o f  t h e  
e q u i l i b r i u m  c o n d i t i o n s  i n  t h e  t e r n a r y  a l l o y s  ( e q u a t io n  ( 3 . 1 7 ) )  
h a v e  t o  b e  s o l v e d  n u m e r i c a l l y .  T h i s  c a l c u l a t i o n ,  t o g e t h e r  
w i t h  T ( 0 . 5 ) ,  c a n  y i e l d  t h e  v a l u e s  o f  W ^  a n d  W^2  ^ ( s e e
X
Section 5.5).
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3 .6  COM PUTER C A LC U LA T IO N  OF TH E F R E E  E N E R G IE S  
OF BCC AND FCC  P H A S E S
I t  i s  p o s s i b l e ,  i n  p r i n c i p l e ,  t o  c a l c u l a t e  t h e  f r e e  
e n e r g i e s  o f  t h e  o r d e r e d  p h a s e s  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  
o n c e  t h e  i n t e r c h a n g e  e n e r g y  p a r a m e t e r s  a n d  a r e
kn ow n  f o r  t h e  p a r t i c u l a r  p h a s e s . T h e  a c t u a l  m e th o d  i s  r a t h e r  
t im e - c o n s u m in g  a n d  t e d i o u s  b e c a u s e  o f  t h e  n e c e s s i t y  f o r  a  
t r i a l  an d  e r r o r  m e th o d  t o  b e  e m p lo y e d  f o r  d e t e r m in in g  t h e  
m in im um  f r e e  e n e r g y  v a l u e  a t  e v e r y  t e m p e r a t u r e .
I t  h a s  b e e n  sh o w n  b y  I n d e n ^ ^  t h a t  a  p o l y n o m ia l
r e p r e s e n t a t i o n  o f  t h e  o r d e r  c o n t r i b u t i o n  t o  t h e  f r e e  e n e r g i e s , 
(K)u s in g  W p a r a m e t e r s ,  y i e l d s  f r e e  e n e r g y  v a l u e s  n o t  f a r  f ro m
t h e  o n e s  o b t a in e d  b y  m o re  r i g o r o u s  m e th o d s .  S u c h  a  p o l y n o m ia l
r e p r e s e n t a t i o n  h a s  b e e n  a d o p te d  h e r e  t o  c a l c u l a t e  t h e  o r d e r i n g
c o n t r i b u t i o n  t o  t h e  f r e e  e n e r g i e s  o f  t h e  BCC a n d  FCC  p h a s e s .
A  b r i e f  d e s c r i p t i o n  o f  t h e  p o l y n o m ia l  r e p r e s e n t a t i o n  o f  t h e
o r d e r  c o n t r i b u t i o n  t o  t h e  f r e e  e n e r g y  i s  g i v e n  f i r s t .  S u i t a b l e
m o d i f i c a t i o n s , n e e d e d  t o  a c c o u n t  f o r  t h e  c o n t r i b u t i o n s  a r i s i n g
fro m  d i f f e r e n c e  i n  c r y s t a l  s t r u c t u r e  o f  t h e  v a r i o u s  c o m p o n e n ts  
o
a t  0  K , a r e  p o i n t e d  o u t .
3 . 6 !  F o r m u la t io n  o f  t h e  f r e e  e n e r g y  o f  o r d e r i n g  
b y  a  p o l y n o m ia l  i n  t e m p e r a t u r e
I n  t h i s  s e c t i o n  o n l y  t h e  o r d e r i n g  p o r t i o n  o f  t h e  f r e e
e n e r g y  i s  o f  i n t e r e s t ,  a n d  t h e  ra n d o m  s o l i !  s o l u t i o n  i s  c h o s e n
a s  t h e  r e f e r e n c e  s t a t e  a n d  t h e  f r e e  e n e r g y  d i f f e r e n c e
o r d  d i s  o r d  d i s
A G C C ,T )  = G ( C , T )  ~ G C C , T )  1 s  c o n s id e r e d .
I n  F i g . ( 3 . 6 ) t h i s  f r e e  e n e r g y  d i f f e r e n c e  i s  s c h e m a t i c a l l y  
sho w n  f o r  o n e  p a r t i c u l a r  c a s e  o f  o n e  c o n t in u o u s  o r d e r in g  
t r a n s f o r m a t i o n  a t  t h e  c r i t i c a l  o r d e r i n g  t e m p e r a t u r e  T or<3'*’ d d s  
I f  s e v e r a l  o r d e r i n g  t r a n s f o r m a t i o n s  o c c u r ,  t h e  c o r r e s p o n d in g  
f r e e  e n e r g i e s  m u s t  b e  s u p e r im p o s e d .
3 . 6 . 2  One s e c o n d - o r d e r  t r a n s i t i o n
F o u r  c o n d i t i o n s  a r e  f u l f i l l e d  b y  t h e  f r e e  e n e r g y  i f  a
s i n g l e  s e c o n d - o r d e r  t r a n s i t i o n  i s  p re s u m e d  t o  o c c u r  a t  
_  T o r d  -Fd is^
d i s c o r d  o r d  d i s  d i s c o r d
(1 )  A G ( C , 0 °K )  = H ( C , 0 °K )  "  H (C ,0 °K )  = A H ( C , 0 ° K )
(2 )  a/ * m [ AG
d i s  -+orc
d T  (C , T )
d i s o r d o r d  d i s
T = ° K
S ( C , ° K )  “  S ( C , 0 ° K ) AS  ( C , ° K )
d i s  -> o r d
( 3 )  A G CC,Tc )
( 4 )  d / d T AG
=  0
d i s  -* o rd ,  
( C ' V  J T =  m
W i t h  t h e s e  f o u r  c o n d i t i o n s , a  p o l y n o m ia l  o f  t h e  t h i r d - o r d e r  c a n  
b e  f o r m u la t e d  :
d i s  o r d  .
A G = e + ( 0 . T C) -  ( 3 • E + 2 . 0 . T  ) T2
T =
T
TXC
e =
+ (2 *  e + 0 ;T  ) t 3
d i s  o r d  d i s
A H ( C , 0 ° K )  ; 9 = S ( C , 0 ° K )
  ( 3 . 2 8 )
o r d  
~ S ( C , 0 ° K )
T h e  p a r a m e t e r s  T ^ , e , a n d  9 a r e  t h e  i n p u t  d a t a  o f  t h e  p r e s e n t  
p o l y n o m i a l .
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3 . 6 . 3  Two o r  m o re  c o n t in u o u s  o r d e r - d i s o r d e r  t r a n s f o r m a t i o n s  
T h e  c a s e  o f  s e v e r a l  o r d e r - d i s o r d e r  t r a n s f o r m a t i o n s  c a n
a l s o  b e  t r e a t e d  w i t h  t h e  p o l y n o m ia l s  i f  t h e s e  a r e  e v a lu a t e d  
s e p a r a t e l y  f o r  a n y  o f  t h e  t r a n s f o r m a t i o n s .  A s s u m in g  t h e  
s e q u e n c e  o f  t r a n s f o r m a t i o n s  d i s  a 8 **•**■ Y -/ e t c . ,  o n e  h a s  
t o  e v a l u a t e  :
d i s  -+a d is-> -a d i s -> a
(1 )  A G C C ;T )  w i t h  Tc  = T  E = A H ( C f 0 o K)
d i s  a
9 _  S ( C , 0 ° K )  S ( C , 0 ° K )
a 8 a - > 8  a  8
( 2 )  AG^c t^ j w i t h  T c  = T  s A H ( C , 0 ° K )
a -  c c 3
0 ( C , 0 ° K )  "  ( C , 0 ° K )
(3 )  A s  i n  ( 2 ) ,  w i t h  8 /Y  r e p l a c i n g  a , 8 •
T h e  t o t a l  f r e e  e n e r g y  o f  o r d e r i n g  i s  t h e n  t h e  sum o f  v a r i o u s  
c o n t r i b u t i o n s .
3 . 6 . 4  D i s c o n t in u o u s  t r a n s f o r m a t i o n
A t  t h e  c r i t i c a l  t e m p e r a t u r e  o f  d i s c o n t i n u o u s  t r a n s i t i o n
d i s  •+ o r d
t h e  f r e e  e n e r g y  o f  o r d e r i n g  AG^C <j i ) g o e s  t o  z e r o  w i t h
n o n - z e r o  s l o p e .  S t r i c t l y  s p e a k in g ,  t h e  v a l u e  o f  t h i s  s lo p e  
m u s t  b e  in t r o d u c e d  i n t o  t h e  R . H . S .  o f  t h e  e x p r e s s io n
=  0 .
T =  T c
A
d T A F
d i s  -h o r d ' 
( C , T C )
F I G . 3 . 6  : V a r i a t i o n  o f  f r e e  e n e r g y  o f  o r d e r i n g
w i t h  t e m p e r a t u r e  w i t h  r e f e r e n c e  t o  
t h e  ra n d o m  s o l u t i o n .
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A b s o lu t e  v a l u e s  c a n  o n l y  b e  o b t a in e d  f ro m  n u m e r i c a l  a n a l y s i s .  
H o w e v e r ,  t h i s  c a s e  c a n  s t i l l  b e  t r e a t e d  b y  t h e  p o l y n o m ia l  
m e th o d , p r o v id e d  i t  i s  r e a l i s e d  t h a t  t h i s  m u s t  l e a d  t o  a  
l e s s  g o o d  a p p r o x im a t io n  t h a n  f o r  t h e  p r e v i o u s  c a s e .
3 . 6 . 5  P o l y n o m ia l  i n p u t  d a t a  i n  t e r m s  o f  m o d e l p a r a m e t e r s
I n  S e c t i o n  3 . 6 . 2  i t  w a s  s e e n  t h a t  t h e  i n p u t  d a t a  f o r
t h e  p o l y n o m ia l  c o n s i s t e d  o f  t h e  c r i t i c a l  t e m p e r a t u r e  o f
d i s  + o r d  d i s  o r d
o r d e r i n g  T c , e = A H ( C j Qo k  , a n d  9 =  S ( C j Q o K) - S ( C ( 0 o K .
(K )T h e s e  c a n  b e  o b t a in e d  f r o m  t h e  e n e r g y  p a r a m e t e r s  W a s
d e s c r i b e d  b e lo w :  
o r d  -* d i s  
^  _____________
I n  B C C  a l l o y s ,  b o th , c o n t in u o u s  a n d  d i s c o n t i n u o u s
W ( 1 >t r a n s i t i o n s  o c c u r ,  d e p e n d in g  on  /  to\ r a t i o s .  T h e
c r i t i c a l  t e m p e r a t u r e s  a r e  e a s i l y  o b t a in e d ,  a s  d e s c r i b e d  i n
f K ) }S e c t i o n  3 . 5 ,  o n c e  t h e  W v a l u e s  a r e  k n o w n .
I n  F C C  a l l o y s ,  a s  lo n g  a s  o r d e r i n g  o n l y  i n  n e a r e s t  
n e ig h b o u r h o o d  i s  c o n s id e r e d ,  t h e  u p p e r m o s t  o r d e r - d i s o r d e r  
t r a n s i t i o n  i s  d i s c o n t i n u o u s  a t  a l l  c o m p o s i t i o n s ,  a n d  t h e  
t e m p e r a t u r e s  o f  t h e s e  t r a n s i t i o n s  c a n  b e  o b t a in e d  b y  p r o p e r  
s u b s t i t u t i o n s  i n  e q u a t io n  ( 3 . 2 1 ) .
d i s  o r d  
(11) H (C f0°K p
I n  t h e  c a s e  o f  b o t h  b i n a r y  an d  t e r n a r y  system s, th e  v a l u e  o f  
d i s  o r d
H ( C , 0 ° K )  c a n  o b t a in e d  f r o m  t h e  e x p r e s s io n s  f o r  t h e  t o t a l  
f r e e  e n e r g y  f o r  a  g i v e n  c o m p o s i t i o n .  T h e  m axim um  v a l u e  o f
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o r d e r e d  c o n f i g u r a t i o n  i s  s u b s t i t u t e d  i n  t h e  a p p r o p r i a t e
d is - *  o r d
e x p r e s s io n s ,  an d  t h e  v a l u e  H^c  q Ok j o b t a i n e d .  E q u a t i o n  ( 3 . 4 )  
i s  u s e d  f o r  b i n a r y  B C C  a l l o y s ,  a n d  e q u a t i o n  ( 3 . 1 4 )  f o r  t e r n a r y  
B C C  a l l o y s .  E q u a t i o n s  ( 3 . 1 8 )  a n d  ( 3 . 1 9 )  a r e  u s e d  f o r  b i n a r y  
a n d  t e r n a r y  F C C  a l l o y s ,  r e s p e c t i v e l y . _
r
d i s  o r d
( i n )  S ( c ^0 o K)  “  S ( C , 0 ° K )
the relevant order parameter (or parameters) for the particular
A s  a  r e s u l t  o f  t h e  a d o p t io n  o f  t h e  BWG f o r m a l i s m  an d  
t h e  sam e n u m b er o f  l a t t i c e  s i t e  o c c u p a t io n  p r o b a b i l i t i e s ,  t h e  
e n t r o p y  e x p r e s s i o n s  f o r  BCC  a n d  FCC  t u r n  o u t  t o  b e  i d e n t i c a l .  
T h e  v a l u e s  o f  t h e  e n t r o p i e s  a t  0 °K  f o r  a n y  o r d e r e d  s t r u c t u r e  
i s  t h e n  o b t a in e d  b y  f i r s t  a s s i g n i n g  t h e  m axim um  v a l u e  t o  t h e  
r e l e v a n t  o r d e r  p a r a m e t e r  o r  p a r a m e t e r s ,  a s  t h e  c a s e  m ay b e .
T h i s  w i l l  e n a b le  c a l c u l a t i o n  o f  t h e  i n d i v i d u a l  p r o b a b i l i t i e s ,  
w h ic h  c a n  t h e n  b e  s u b s t i t u t e d  i n  t h e  e n t r o p y  e q u a t io n
s  =  _  N IE D CL) 1  CL)
b 4 L  i  P i  111 P i
i  = A , B  L  = I , I I , I I I , I V  f o r  b i n a r y ,
an d  i  = A , B , C ,  L  = I , I I , I I I , I V  f o r  t e r n a r y ,
t o  y i e l d  t h e  e n t r o p i e s  o f  t h e  d e s i r e d  o r d e r e d  s t r u c t u r e
3 . 6 . 6  T o t a l  f r e e  e n e r g y  o f  t h e  BCC  an d  FC C  p h a s e s
F ro m  t h e  e x p r e s s io n s  f o r  f r e e  e n e r g y ,  i t  c a n  b e  s e e n  
t h a t  t h e  t o t a l  c o n f i g u r a t i o n a l  f r e e  e n e r g i e s  o f  t h e  BCC a n d  
FCC  p h a s e s  c o n s i s t  o f  f o u r  t e r m s ,  n a m e ly ,  t h e  e n e r g y  o f  t h e
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p u r e  c o m p o n e n ts ,  t h e  e n e r g y  o f  m ix in g ,  o r d e r i n g  e n e r g y ,  a n d  
t h e  e n t r o p y  c o n t r i b u t i o n .  T h e  l a t t e r  t h r e e  t e r m s  c a n  b e  
e s t im a t e d  a t  a n y  t e m p e r a t u r e  b y  t h e  m e th o d s  d e s c r i b e d .  T h e  
e n e r g y  o f  t h e  p u r e  c o m p o n e n ts  i n  t h e  BCC a n d  FCC p h a s e s  
i s  e s t im a t e d  b y  t a k i n g  i n t o  a c c o u n t  t h e  s t a b i l i t y  p a r a m e t e r s  
g i v e n  i n  T a b le  3 . 1 .
T h e  o t h e r  c o n t r i b u t i o n s ,  n a m e ly  t h e  e l e c t r o n i c ,  t h e  
s t r a i n  e n e r g y ,  a n d  t h e  d e f e c t  c o n t r i b u t i o n s ,  w i l l  h a v e  t o  b e  
c o n s id e r e d  a s  a n d  w hen  a  p a r t i c u l a r  a l l o y  i s  e x a m in e d .
C H A P T E R  4 
D E S C R IP T IO N  O F E X P E R IM E N T A L  METHODS AND R E S U L T S
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A s  t h e r e  i s  n o  i n f o r m a t i o n  on  how  Mn a f f e c t s  m a r t e n s i t e  
t r a n s f o r m a t i o n  t e m p e r a t u r e s ,  t h e  f i r s t  s e r i e s  o f  e x p e r im e n t s  
w e re  p e r f o r m e d  t o  d e t e r m in e  t h e  m a r t e n s i t i c  t r a n s f o r m a t i o n  
t e m p e r a t u r e  a s  a  f u n c t i o n  o f  Mn c o n t e n t ,  b y  tw o  d i f f e r e n t  
m e th o d s .  Lo w  t e m p e r a t u r e  a g e in g  e f f e c t s  on  m a r t e n s i t i c  t r a n s ­
f o r m a t io n  i n  som e a l l o y s  w a s  a l s o  i n v e s t i g a t e d .
A  s e c o n d  s e r i e s  o f  e x p e r im e n t s  w e re  p e r f o r m e d  on  a  
d i f f e r e n t  g ro u p  o f  a l l o y s  t o  d e t e c t  t h e  i n f l u e n c e  o f  v a r i o u s  
q u e n c h in g  r a t e s  on  r e t a i n i n g  d i s o r d e r .  B a s e d  on  t h e  o b s e r v a t i o n s  
o f  t h e s e  e x p e r im e n t s  a n d  t h e o r e t i c a l  p r e d i c t i o n s ,  som e s e l e c t e d  
c o m p o s i t io n s  w e r e  m ade w h ic h  w e r e  t h e n  a n a l y s e d  t o  y i e l d  th e r m o ­
d y n a m ic  d a t a  p e r t a i n i n g  t o  m a r t e n s i t i c  t r a n s i t i o n s  a n d  o r d e r  
t r a n s i t i o n s .  I n  t h i s  C h a p t e r ,  t h e  e x p e r im e n t a l  m e th o d s  a r e  
d e s c r i b e d  a n d  t h e  r e s u l t s  o b t a in e d  a r e  r e c o r d e d .
4 .1  P R E P A R A T IO N  OF A L L O Y S
A l l o y s  l i s t e d  i n  T a b l e  4 .1  w e re  a l l  m ade  f ro m  9 9 . 9  % p u r e  
c o p p e r ,  9 9 . 9 %  p u r e  z i n c ,  a n d  9 9 . 9 %  p u r e  e l e c t r o l y t i c  m a n g a n e s e  
i n  10 o r  20 gms q u a n t i t i e s  b y  m e l t i n g  w e ig h e d  q u a n t i t i e s  
t o g e t h e r  i n  e v a c u a t e d  q u a r t z  t u b e s  a t  s u f f i c i e n t l y  h ig h  
t e m p e r a t u r e s .
TABLE 4.1 : . ALLOYS INVESTIGATED
A l l o y  N o . C o m p o s i t io n  
i n  a t . %
R e m a rk s
Cu Zn Mn
A 1 6 0 . 7 3 9 . 3 -
A  2 6 1 .7 3 8 . 3 0
A  3 6 1 .5 3 8 . 0 0 . 5
A  4 6 1 .5 3 7 . 5 1 .0
A  5 6 1 . 6 3 7 . 3 1 .2
A  6 ’ 6 1 . 4 3 6 . 2 2 . 4
A  7 6 1 .3 3 5 . 2 3 . 5
A  8 6 0 . 0 3 4 . 0 6 .0
A  9 6 0 . 8 3 0 . 0 9 . 2
A  10 6 0 . 0 3 0 . 0 1 0 .0
A  11 6 0 . 2 2 5 . 0 1 4 . 8 T e n d e n c y  f o r  
a - m a s s iv e  f o r m a t io n
A  12 5 9 . 6 2 3 . 6 1 6 . 8 T e n d e n c y  f o r  
a - m a s s iv e  f o r m a t io n
B  1 5 0 . 1 4 2 . 4 7 . 5
B  2 5 5 . 0 2 5 . 7 1 9 . 3
B  3 5 0 . 2 3 0 . 5 1 9 . 3
B  4 4 8 . 9 2 8 . 5 2 2 .6
B  5 5 3 . 2  ' 2 1 .4 2 5 . 4
B  6 4 6 . 3 2 2 . 5 3 1 .2  '
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They w ere m ixed t h o r o u g h ly  i n  th e  m o lte n  c o n d it io n ,  and th e n  
a llo w e d  to  s o l i d i f y  o u t s id e  th e  f u r n a c e .  The c a s t  p e l l e t s
w ere hom ogenised i n  th e  same q u a r t z  tu b e s  f o r  t h r e e  d ay s i n
th e  3 -p h a s e  c o n d it io n ,  and th en  w a te r-q u e n c h e d . The w e ig h t  
lo s s e s  o b s e rv e d  w ere n e v e r  more th a n  0 . 2 %,  and so  i t  was 
assumed t h a t  th e  c o m p o s it io n s  w ere n o t s i g n i f i c a n t l y  d i f f e r e n t  
from  th e  in te n d e d  o n e s . M ic r o -p r o b e  a n a l y s i s  showed t h a t  
t h e r e  was no s i l i c o n  p ic k - u p  a t  a l l .  The p e l l e t s  w ere th e n  
h o t fo rg e d  t o  a r e c t a n g u la r  sh a p e , th e n  c o l d - r o l l e d  and  
c o ld -s w a g e d  w it h  in t e r m e d ia t e  s t r e s s - r e l i e v i n g  a n n e a ls ,  to  
g iv e  t h in  s t r i p s  o r  w ir e s ,  a s  d e s ir e d .  The w ir e s  u se d  f o r  
r e s i s t a n c e  and s t r e s s - s t r a i n  m easurem ents w ere 0 . 9 3  mm i n  
d ia m e t e r,  and 75 mm lo n g .
4 .2  MEASUREMENTS OF MARTENSITIC 
TRANSFORMATION TEMPERATURE
4 . 2 . 1  R e s is t a n c e  m easurem ents *
One o f  th e  s t a n d a rd  m ethods o f  m a r t e n s i t i c  t r a n s f o r m a t io n  
te m p e ra tu re  m easurem ent i s  th e  f o u r - p r o b e  r e s i s t a n c e  m e a su re ­
ment m ethod. The sp e cim e n  i n  th e  fo rm  o f  a w ir e  o r  t h in  s t r i p  
i s  s p o t-w e ld e d  t o  f o u r  c o p p e r w ir e s  and a th e rm o c o u p le , a s  
shown s c h e m a t ic a l ly  i n  F i g . 4 . 1  ( a ) .  The w ir e s  ( ! )  and (2 ) on 
th e  two ex tre m e  s id e 's  o f  th e  sp e cim e n  a c t  a s  c u r r e n t  le a d s  
th ro u g h  w h ich  a c o n s t a n t  c u r r e n t  i s  made -to p a s s .  The p o t e n t ia l-  
d ro p  a c r o s s  th e  w ir e s  (3 ) and (4 ) i s  m e asu red  a s a f u n c t io n  o f  
te m p e ra tu re  a s th e  te m p e ra tu re  o f  th e  sp e cim e n  i s  v a r ie d  by  
s u i t a b l e  m eans. S in c e  m a r t e n s i t i c  t r a n s f o r m a t io n  i s  a lw a y s
(b )
F IG . 4 .1  : S c h e m a tic  d ia g ra m  o f  :
(a ) th e  r e s i s t a n c e  m easurem ent s e t  up;
(b) a t y p i c a l  r e c o r d  'Of a m a r t e n s it ic  
t r a n s f o r m a t io n  c v c l e .
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acco m p a n ied  by a s h a rp  r e s i s t i v i t y  ch a n g e , a p l o t  o f  r e s i s t a n c e  
v s  te m p e ra tu re  s h o u ld  y i e l d  th e  t r a n s f o r m a t io n  te m p e ra tu re .
By m aking u se  o f  a p r o p e r  d e v ic e  f o r  c o n t in u o u s  c o o lin g  and  
h e a t in g ,  and an x - y  r e c o r d e r  f o r  c o n t in u o u s  m easurem ent o f  
th e  p o t e n t ia l  d ro p  (y  a x is )  and th e  te m p e ra tu re  (x  a x i s ) , a 
co m p le te  r e c o r d  o f  th e  t r a n s f o r m a t io n  c y c l e  can  be o b t a in e d .
I n  F i g . 4 . 1 ( b )  a t y p i c a l  p lo t  i s  shown.
I n  th e  p r e s e n t  e x p e rim e n t s ,  as th e  m a r t e n s it ic  t r a n s i t i o n  
te m p e ra tu re s  w ere e x p e c te d  to  be b elo w  room te m p e ra tu re , th e  
w ir e s  w ere c o o le d  a t  a c o n s t a n t  r a t e  by im m e rsin g  in t o  c o ld  
g a se o u s n it r o g e n  above l i q u i d  n it r o g e n ,  c o n t a in e d  i n  a d ee p ,  
w id e-m outhed  d ew ar. A s i m i l a r  h e a t in g  r a t e  was o b t a in e d  by 
w ith d ra w in g  th e  w ir e  fro m  th e  b a th  a t  th e  same r a t e .  The 
t r a n s i t i o n  te m p e ra tu re s  w ere ta k e n  a t  th e  p o in t s  a t  w h ich  
th e  r e s i s t a n c e  c u r v e  s t a r t e d  to  d e v ia t e  fro m  l i n e a r i t y .  The  
a c c u r a c y  o f  su ch  m easurem ents was ± 2 ° C .  .The w ir e  sp e cim e n s  
f o r  su ch  m easurem ents w ere i n i t i a l l y  q u en ch ed  from  th e  a p p ro ­
p r i a t e  8 ~ b is in g  te m p e ra tu re s  in t o  ic e d  b r i n e .  To a v o id  z in c  
l o s s ,  th e  sp e cim e n s w ere c h ro m iu m -p la te d  p r i o r  to  h o m o g e n isin g  
in  th e  8 - p h a s e ,  and k e p t  a t  th e  h o m o g e n isin g  te m p e ra tu re  f o r  
o n ly  2 to  3 m in u t e s . M e t a l lo g r a p h ic  e x a m in a t io n  showed t h a t  
th e y  w ere c o m p le t e ly  6 -p h a se  a l l o y s  a f t e r  su c h  q u e n c h in g  
t re a t m e n t s . P l a t i n g  was rem oved by a c id  le a c h in g  b e f o r e  s p o t  
w e ld in g  th e  c o p p e r w ir e s  and th e  th e rm o c o u p le .
Such r e s i s t a n c e  v s  te m p e ra tu re  m e a su re m e n ts. to  o b t a in  
th e  m a r t e n s i t i c  t r a n s f o r m a t io n  te m p e ra tu re s  w ere co n d u cte d  
on a l l o y s  (A 2 , A 5 , A 6 , A 7 , A 9 , A 1 0 , A l l ,  and A 12 ) to  e s t a b l i s h  
how M e t c .  v a r ie d  w it h  Mn c o n t e n t . Low te m p e ra tu re  a g e in g  
tre a tm e n ts  and t h e i r  e f f e c t  on t r a n s f o r m a t io n  te m p e ra tu re s
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T e m p e r a t u r e  * -  
( A 7 )  A l l o y  6 1 *3 C u / 3 5 *2 Z n / 3 -5 M n
F I G . 4 . 2 E f f e c t  o f  low  te m p e ra tu re  a g e in g  on th e  n a t u re  
o f  th e  t r a n s f o r m a t io n  c u r v e  o f  a l l o y  A*].
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( A 9 )  A l l o y  6 O Q C u / 3 O 0 Z n / 9 *2 M n
F I G . 4 . 3  : E f f e c t  o f  low  te m p e ra tu re  a g e in g  on th e  n a t u r e
o f  th e  t r a n s f o r m a t io n  c u r v e  o f  a l l o y  A 9 .
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were carried out on alloys (A7, A 9 , A10). The results of 
the martensitic transformation investigations are listed in 
Table 4.2. Figures 4.2 and 4.3 show the result of low 
temperature ageing on the nature of the transformation curve. 
Figure 4.4 shows the decay of M g temperature with time in 
the alloy A 10J. flash-heated to 200°C, and subsequently aged 
at room temperature. Figure 4.5 shows the M g variation 
with ageing time in alloys A 7 , A9, and A 10 at low temperature.
4.2.2 Stress-strain measurements at
various temperatures
As stated earlier, martensitic transformation can 
be. induced by external stress at T > T , which is characterised 
by pseudo-elastic behaviour. The plot of cty p m  vs T 
for a Cu-Zn alloy (Fig.2.13) shows that the straight line plot 
extrapolates to the Mg temperature at zero stress. This 
makes it possible to use the stress-strain measurements at 
various temperatures above M , to yield the M g temperatures 
for the various alloys. Most of the alloys previously subjected 
to resistance measurements were subjected to this mode of Mg 
determination as well. Stress-strain curves at various temper­
atures were obtained on wire samples that had been quenched 
from the 3-phase field. The strain rate employed was 5 x 1 0  4/sec. 
Tensile tests were carried out in a Hounsfield E tensile 
testing machine. The specimen temperature was controlled by 
immersing it in a wide-mouthed dewar containing methanol at 
the appropriate temperatures. The maximum recoverable strain 
in polycrystalline specimens was of the order of ~5%, and 
pseudo-elastic behaviour persisted up to 80°K above A^, after
FIG.4.6 : Typical stress-strain curve of a pseudo-elastic
Cu-Zn-Mn alloy.
Tem peratu re °K
FIG. 4.7 : ap -vs- temperature curves for Cu-Zn-Mn alloys.
The temperatures at which the extrapolated lines 
intersect the X-axis correspond to the M temperatures
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FIG. 4.8 : Effect of ageing on crp -vs- temperature 
plots of alloy A 6.
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FIG.4.9 : Effect of low temperature ageing on
rip -vs- temperature plots of alloy A 10.
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(a) o — Rash heated to 200°C ( A10) A lloy 60Cu/30Zn/10Mn
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(b) v— 1hrat100°C a fter t reat ment (a)
& quench
FIG.4.10 : Effect of flash-heating and subsequent low
temperature ageing on the ap -vs- temperature 
plots of alloy A 10.
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work, the specimens were strained only up to 2%, and the
stresses attained were always below the stress necessary to
(9 9 )start 'memory type plastic deformation*
A stress-strain curve typical of the ones obtained at 
different temperatures for the polycrystalline wire specimens 
of alloys A5, A 6 , A7, A 9 , is shown in Fig.4.6. ap ^ , the 
stress necessary to induce martensite at any temperature, is 
taken as the value at which the stress-strain curve departs 
from linearity. The variation of ap -vs- temperature for 
the alloys quenched and aged at room temperature are plotted 
in Fig.4.7. The effect of ageing at intermediate ageing 
temperatures on the c p -vs- T plots were obtained on 
alloy Nos.A 6 and A 10, and are shown in Figs.4.8 to 4.10.
The results of determination obtained by extrapolation
i
to zero stress for the alloys mentioned ar.e shown in Table 4.3.
4.3 X-RAY MEASUREMENTS : DETECTION OF CHANGES
IN ORDER PARAMETER
4 . 3 !  Superlattice lines
Detection of various degrees of order by measurement 
of superlattice line intensities is a standard method of 
investigation employed in ordering studies in alloys(l°°) .
The principle involved and the limitations of the method are
described briefly.
Let us consider the case of a BCC alloy made up of
components A and B. The Bravais lattic positions for the
BCC are given by []000]] a n c 3  [ 3   ^  ^H  ° T*ie intensities
which plastic deformation tended to occur. In the present
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of the diffraction lines are proportional to the square of 
the structure factor F, which is given by :
. 2iri(huk + k'v. + *wk )
F = I  ). £. e K K ----- (4.1)
j k 3
where f^ = atomic scattering factor of component j equal
to its atomic number in the first approximation.
are the position vectors of species j .
[h k *] are Miller indices of the diffracting plane.
The intensity of the diffracted line from plane (hk£) is
2
given by k jl = A I F I where A is a constant made up of 
different factors.
Case I : Random distribution of species A and B
The components A and B are randomly distributed
among the lattice sites in the case of a disordered alloy and 
the occupation of any particular site by either componet A or 
B is proportional to the concentration. In such a situation, 
the value of f . = f = (c^ fA + cB fp ) where cA and cB are 
the mole fractions of A and B, respectively. The intensity 
Ih k i  from any plane (hk£) then is given by :
2 tti (h + k,+ £) - 2
of f [iXh k  t  al 11 + e
If the value of (h + k + £) is even, then
b k H  “  4 f  2
and if it is odd, then : 
Xh k I =  ° *
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For a random distribution of the components A and B in 
a BCC alloy, then, we can observe only the lines corresponding 
to planes 110, 200, 112, and so on.
Case II
In the ordered state, A and B atoms preferentially 
occupy certain positions. In a perfectly ordered structure 
in a stoichiometric BCC alloy, the [OOO^J positions are 
occupied by one type of atom (say A ) , and the [h  \  h f] 
positions are occupied by the other type of atoms (say B ).
Then the equation for diffracted intensity I. , „ is given by :
2 r Tri(h + k + £)^
Ih k£ a lF 1 fA + fB eV.
2
If (h+ k +£) is even, then 1 ^ ^ a (fA + fp )
If (h + k + Z) is odd, then 1^ ^  ^  a (f^ - fp)
Or, in other words, for an ordered alloy 'superlattice' 
reflexions corresponding to the planes 100, 111, etc. can 
exist,in contrast to Case I. It should theoretically be 
possible to detect such superlattice lines in any ordered 
alloy; however, they are detected easily only when 
(fA - f !  2 > 4. Sometimes, by a suitable choice of X-rayI\ Jb
tube, this factor can be made to increase even if the atomicr
numbers are very close to each other. In Cu-Zn alloys, super­
lattice lines have been detected by such methods, making 
use of X-ray tubes with zinc targets ^ °0) . In alloys,
it has been possible to detect superlattice lines using X-ray
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tubes with Fe targets . It was therefore considered 
possible that a ternary Cu-Zn-Mn alloy with high manganese 
content would enable the superlattice lines to be detected 
with an Fe-target X-ray tube. The alloys used in such tests 
were alloys No. B2, B 2 , B 5 . Debye-Sherrer (114.7 mm) powder 
cameras were used to take the X-ray patterns in all cases.
The specimens were in either wire or powder form. However, 
no superlattice lines were observed in any of the samples 
tested. This means that, even up to a 25% substitution of 
zinc by manganese, there is insufficient enhancement 
in the X-ray intensities of the superlattice line in a Cu-Zn 
system using the D.S. method.
4.3.2 Lattice parameter' measurements
Ordering in alloys has been known to result in 
lattice parameter changes,and lattice parameter measurements 
have been utilised in a number of cases to detect ordering 
transitions^101 .^ In the present investigations, lattice 
parameters were measured, using the powder diffraction 
technique mentioned in the previous section, after suitable 
heat treatments on high manganese alloys Nos. B2, B3, and B 5 . 
Extrapolation functions were used to measure the lattice 
parameter values to- the accuracy of ± 0.002 A°. These values 
are listed in Table 4.4. No significant changes that could be 
attributed to ordering are observed.
4.4 INVESTIGATIONS USING THE DIFFERENTIAL
SCANNING CALORIMETER
The design of the differential scanning calorimeter 
is based on the principle of differential thermal analysis.
(108)
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The apparatus consists of a suitably designed holder 
( D S C  cell) with provisions for measuring temperatures of 
a test specimen and a standard separately. The holder can 
be sealed and operated such that the standard and test 
specimens are heated or cooled at a desired rate inside the 
cell. As long as there is no transformation taking place 
in the test specimen, say during a heating run, the tempera­
tures of the test and standard specimens increase at the 
same rate, and are equal at any instant of time. However, if 
at any temperature the test specimen undergoes a transformation 
involving absorption or evolution of heat, then the temperature 
of the test specimen lags or leads the temperature of the 
standard, as long as the transformation is taking place.
Once it is complete, the temperature of the test specimen 
once again equals the temperature of the standard. This 
difference in temperatures of the test and standard specimens 
arising out of a phase transition can be amplified and plotted 
automatically as a function of temperature, using an x-y 
recorder and quantitative data like the transformation 
temperature, heat of formation etc. can be obtained once the 
operational instrumental variables of the DSC and x-y 
recorders are standardised to enable direct interpretation 
from such plots.
The Du Pont DSC incorporates the facilities desired
♦
for obtaining such data. It has been possible to operate 
from -160°C to 200°C at a desired heating rate, using a 
special cooling attachment. Heating and cooling runs in the
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FIG.4.11 : Typical DSC trace corresponding to a martensite
to parent transition in a Cu-Zn-Mn* alloy.
T e m p e r a t u r e  -------
FIG . 4.12 : DSC tra ce  corresponding to  a second-order
tra n s it io n  (S ch em a tic ).
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Temperature°C
FIG.4.13 : DSC traces showing arrests associated with
L2p t B 2 in Cu-Zn-Mn alloys.
TABLE 4.5
L2^ B2 Transition Temperature of 
Cu-Zn-Mn Alloys (DSC)
Composition(in at.%) T (B2 L 2 J
Alloy No. Cu Zn Mn
y
(°K)
B 3 50.2 /30.5 /19.3 367
B 2 55.0 /25.7 /19.3 417
A 1 60.7 /39.3 / I 355
A 3 61.5 / 37 . 5 / 0 . 5 360
A 4 61.5 / 37 . 5 /1.0 369
A 8 60.0 /34.0 /6 .0 389
A10 60.0 /30.0 /10.0 375
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range 20°C to 600°C have also been possible at desired rates.
In all the present investigations copper was used as 
the standard, and the weight of the standard was kept the 
same as that of the test specimen.
A typical DSC trace obtained for alloy undergoing 
martensite to parent phase transition is shown in Fig.4.11 
Such a plot is typical of any first-order transition that 
involves a discontinuity in the free energy vs temperature 
curve. The transition temperatures are marked on the plot 
and are measured to the accuracy of ± 1 to 2°C.
in the case of a second-order transition, a discontinuity 
is observed only in the specific heat vs temperature curve 
i.e., vs T curve. The corresponding free energy vs
temperature curve shows only a slope change. A DSC trace 
corresponding to a second-order transition is schematically 
shown in Fig.4.12. The point (A) corresponds to the start of 
the transition, and the point (B) to the completion of the 
transition. All the alloys listed in Table 4.5 exhibited 
such a second-order transition, and the DSC traces obtained 
for them are shown in Figs.4.13.
The reverse martensitic transition temperatures and
M-+ P
A^, and the enthalpies of formation AH have been
measured as a function of ageing treatment in the alloys 
Cu 61.5/ Z n  3 8 / M n  0.5 as Cu 61.5/Zn 37 . 5 / M n  1.0, and 
the results are shown in Figs. 4.14 and 4.15. The ageing 
treatments were done at the appropriate temperatures for five
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F IG .4.14 : Ag and A^ as a fu n c tion  o f  ageing tem perature
in  a l lo y s  A3 and A4 (DSC).
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F IG .4.15 : AH and quenched in  excess heat as a
fu n c tion  o f  ageing tem perature (DSC).
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minutes, since previous experiments showed that the results 
of longer ageing at temperatures lower than 140°C (2 hours) 
resulted essentially in the same sort of changes taking place. 
In the range 180 to 200°C, ageing for more than 30 minutes 
resulted in a gradual decrease in the AH values with 
increasing times, signifying bainitic transformation . ^oth the 
alloys showed an evolution of excess heat in the temperature
range 20° - 60°C when they were reheated in the DSC after ageing 
and quenching from temperatures above 80°C.
4.5 MICROHARDNESS MEASUREMENTS
Usually, ordering reactions are accompanied by a 
change .in hardness value. Microhardness measurements to 
detect such changes in hardness as a function of cooling rate 
have been employed in establishing changes in degrees of order 
in Cu-Al alloys . in the present investigations, three
different cooling rates were obtained by quenching in iced 
brine, quenching in water at 20°C, and quenching in water at 
100°C. Microhardness measurements after such treatments were 
carried out on alloys Nos. Bl to B 5 . The average of several 
hardness values at different parts of a specimen was taken 
as the representative value of hardness. The specimens were 
completely in the 8-phase conditions for all such measurements. 
The values of microhardness are given in Table 4.4.--f!ke lattic
i
parameter measurements, these measurements also do not show 
any variation that can be attributed tot different rates of 
ordering depending on cooling rate. It is quite likely that 
the changes in degree or order are too small to be detected 
by this method.
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C H A P T E R  5
CALCULATIONS
5 !  GENERAL
As pointed out previously, formulation of an adequate 
free energy function for the parent and product phases is the 
primary requirement in a thermodynamic analysis of a phase trans­
ition. The free energy expressions based on the BWG model can 
be utilised for such a formulation if the nearest and next 
nearest neighbour interaction energy parameters are known for 
the binary system A B  (or binaries A B , B C , CA in a ternary 
system A B C ) .
In the first part of this Chapter attention will be given 
to the calculation and deduction of the energy parameters for 
the various binaries Cu-Zn, Cu-Mn, and Zn-Mn in the BCC and 
FCC phases. In the next part, the stress-strain and calori- 
metric data are utilised to calculate the entropy variation 
accompanying martensitic transition, and the stored elastic 
energy, respectively. Finally, the free energy plots for various 
compositions are obtained.
5.2 PRELIMINARY CALCULATIONS OF ENERGY ’PARAMETERS
FOR BCC Cu-Zn, Mn-Znf and Cu-Mn PHASES
As previously described in Section 3.5, the energy 
parameter calculations require two pieces of information, 
namely the enthalpy of formation of the BCC phase, and the 
ordering temperature at any given composition. Energy parameters
TABLE 5. 1
Experimental and Calculated Ordering Temperatures 
of Cu-Zn-Mn Alloys.
Composition (at.%)
**
Experimental
*
Calculated
Cu Zn Mn
T ( A 2 / B 2 )  °K x ' Tx ( A 2 / B 2 )  °K
50. 3 49.3 0.4 743 740
50. 6 47.8 1.6 736 733
50.9 46.7 2.4 726 727
50.6 46.8 2.6 725 726
50.8 45.6 3.6 718 720
51.0 44.5 4.5 713 714
51.0 43.5 5.5 706 706
50.1 43.5 5.5 702 702
* The best combination of E. . tfiat yield the listed
13
calculated- ordering1 temperatures are given 
in Table 5.2.
** Ref.59.
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utilising such data have been fairly accurately determined
(19)
by Inden for the Cu-Zn system, and are given in Table 5.2.
For the systems Mn-Zn and Cu-Mn, such data are not explicitly
available. Fortunately, information on ordering temperatures
(58 59)in ternary Cu-Zn-Mn systems are available ' , and
are given in Table 5.1. These can be utilised to obtain
the first information regarding the ordering temperature for
the systems Mn-Zn, and Cu-Mn, as explained in Section 3.5.3.
As regards the second piece of information, namely the
enthalpy of formation of BCC Mn-Zn and BCC Zn-Mn, no
experimental value is available. There are now two ways
in, which to proceed : firstly, to use empirical predictions
of the Miedema type^103  ^ and check the calculated results
by experiment; or to make experimental determinations of
Ty or Tx , thereby deducing the energy parameters, and
then check if the associated heats of formation are consistent
with Miedema type predictions. The first method to be adopted 
fused the -AH values listed in Table 5.3 for which Miedema 
tives an error bar of ± 4.0 to 6.0 kJ/mol, which is taken 
to encompass the difference between various crystal structures 
and their modifications. Although this is a very crude 
approximation, there is a considerable body of experimental 
evidence^104  ^ which supports this contention. This means 
that such predicted values can at least provide a starting 
point for calculations for the two systems Mn-Zn and Cu-Mn.
The energy parameter values so obtained are listed in 
Table 5.2.
TABLE 5.3
Comparison of Experimental and Predicted Values 
for Heat of Formation
System Phase * AHfa (C=0.5)
Experimental
KJ/mol
* * -f
AH (C=0.5) 
Miedema 
Prediction 
KJ/mol
Cu -Mn Sol(Y)(1100°K) + 3.3 4.6 + 4.4
Cu - Zn Sol (8) (973°K) - 11.3 - 8.4
Mn - Zn No values available - 15.0
Ni - Zn 8 (1100°K) - 19.0 - 18.0
Cu - Pd (1350°K) - 13.8 - 10.9
Cu - Pt (1350°K) - 10.5 - 7.5
* From Reference 107.
** From Reference 103.
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5.3 CALCULATION OF CRITICAL B C C  ORDERING TEMPERATURES 
ONCE THE ENERGY PARAMETERS ARE KNOWN
Once the parameters are known, the ordering temperatures
T^ and Ty are obtained by substituting for W in the
appropriate expressions. For T , direct substitution of 
( K)the W  values is all that is required. However, for
obtaining Ty it is necessary to know the value of 
the order parameter/parameters at Ty. This has to be obtained 
by numerical methods.
5.3.1 Method of obtaining Ty (B2/D (ty) for
binary BCC phase
At Ty, only the order parameter x / 0 and the others, 
'y' and 1z ', are zero. The value of x being in the range 
0 < x < CB , the procedure described below can be adopted for 
getting Ty and simultaneously :
Ca! A value of x is chosen within the limits 0 $ x < Cg.
Cb! Equation (3.8) is used to obtain an equivalent Ty value.
Cc) This value of Ty is substituted in the expression for
taking into account the fact that y = z = 0 at T .
9X y
The expanded expression for -ta after due simplification 
is :
|f = R T in
(CA + x) 2 (Cg + x) 2
(CA - x) 2 (Cg-x)
  — 8(4W^1) - 3 W (2))
x ) 2 /  ^ ^
(5.1)
9 C 9 G(d) -ta is examined to see whether ^  = 0 .  If this is
not the case, a different value of x is taken, and
steps (b) to (d) are repeated until = 0.
A computer program to calculate T by this method 
for the binary alloys is given in Appendix I, along 
with an example.
5.3.2 Method of obtaining TV,(B2/L2,) for
Y ^
ternary BCC phases
In the case of ternary alloys, the calculation of T
requires two order parameters, xA (T ) and x.B (T ) .
"min y min y
The calculation is performed as follows :
(a) -xA is chosen within the limits given by equation (3.13).
(b) Limits on are automatically obtained from
equation (3.13). For any chosen value of xA , xfi is 
varied within these limits.
(c) Equation (3.17) is used to obtain an equivalent T^.
(d) This value of T is substituted in the expressions
3  G Gfor    and ^r—  taking into account the fact that
8 ^  B
3G
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9G
9xB
4 x  2 x
k T EBC “ k T E^AC + EBC EAB*
+ In •
(C B +  x B ) 2 (C c  +  xA  +  x B ) *  
(CB " XB^ 2 (CC “ XA ” XB^ 2
 (5.3)
9 C? 9 G(e) -r— - and r- are then inspected for the condition
A XB
that they are equal to zero simultaneously.
(f) If this is not the case, a different value of x^ is
t i
chosen, and steps (c) to (e) are repeated.•
If ~ 0, then the values of T , xA (T )
XA y min y
and x_. (T ) are noted. If not, all the values of
Jb y
m m  Jr
xB within the limits imposed by equation (3.13) are 
tried.
3 G 3 G(g) If the condition -s— ~ • = v— * = 0  is still not achieved,
d *B
a new combination of xA and Xg is introduced, and
9 G 3 Gsteps Cb) to (f) are repeated until ■*-=- = - 0 is
33^  B
satisfied.
A computer program to carry out this procedure is given 
in Appendix 2, along with an example.
5.3.3 Comments regarding the applicability 
of the methods
Since it is an inherent assumption in the derivation of
the expression for T that the transition proceeds along the
route A 2  B 2 -> DO. (or L 2 J  , a definite value for T and3 1 y
the order parameters at are obtainable by this method only
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If, however, there exists a possibility that the transition 
is discontinuous, i.e., it transforms directly from A2-+ D 0 3/L2^ 
then these methods do not yield the correct results.
In such a case, T can only be obtained by more rigorous methods
that involve the standard methods of search for minimum free
energy for the structures concerned. However, it is still
possible to locate the composition at which the character of
the ordering transition changes from the continuous type to
the discontinuous type. Proceeding from the side of compositions
that have a definite T , it will be the first composition for
9 G 9 Gwhich the condition r— - = r— - = 0 will not be satisfied
A 3XB
below T .x
when such a transition can exist for a given composition.
5.4 PRELIMINARY PREDICTION OF:" ORDERING REACTIONS IN THE
QUASI-BINARY SECTION Cu^. / Zn„ ~ / Mn___________________________ 60 7 40-x x
With the interaction parameters obtained for the various 
binaries of the ternary system Cu-Zn-Mn, it is now possible to 
obtain the boundaries of the ordered phase fields in the system 
using these values. This has been carried out for the specific 
quasi-binary section Cugo Zn40-x ^ x  us:*n9 comPuting
procedure described in the previous sections. The plot of the 
calculated critical temperatures vs Mn content ( Fig.5.1) , 
curve (a)}, shows that the T temperature rises steeply 
from 350°K for a 60/40 alloy to « 620°K for a 60/35/5 alloy. 
The transition then becomes discontinuous at about -8% Mn.
Plots of T and T obtained for the same section by Inden, x y J
who has used the same energy parameters and the more rigorous
Te
mp
er
at
ur
e
ITig. 5.1 : Variation of (A2/B2) and Ty (B2/L2^) temperatures
with Mn content in the quasi-binary system 
Cu6QZn40_xMnx (Preliminary calculation).
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method of analysis, showed that there was a point-to-point 
agreement between the two predictions in the composition 
region x = 0 to - 8%. After that limit, the Tx ( A 2 / B 2 )  
temperatures are a better approximation for Tc of discon­
tinuous transition.
5.5 MODIFICATION OF THE PARAMETERS ON THE 
BASIS OF D S C  RESULTS
From the T plot calculated for the quasi-binary 
section Cugo Zn40-x ^ x '  ^  seen that, for manganese 
contents above ^8%, the L 2^+ A 2 discontinuous transition 
should take place on heating. However, from the DSC traces 
(Fig.4.13) obtained for alloys with 6% and 10% Mn, it is 
seen that the transition character is more likely to be 
second-order than first-order. This means that these alloys 
undergo a L 2 t y  B 2 transition on heating from room temper­
ature. The DSC traces for other alloys (Fig.4.13) of 
different compositions with Mn contents varying up to s 19% 
also show similar second-order characteristics. Taking this 
as definite evidence for a continuous L 2 ^ +  B 2 transition 
and utilising the critical temperatures determined for some of these 
alloys, a different set of modified values of enthalpies of I
formation for the three binaries Cu-Zn, Mn-Zn, and Cu-Mn was
obtained. They were then utilised in calculating the modified 
(K )set of W parameters for the three binaries. They are 
given in Table 5.4. The T plots for the alloys given in 
Fig.5.2 show that the agreement between the experimentally
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A l l o y  n u m b e r s
Comparison of experimentally determined and back 
calculated values of ordering temperature 
Ty(B2/L2p) in Cu-Zn-Mn alloys.
obtained and back calculated values of Ty , for all the alloys
investigated using the modified values is quite good,
( K )justifying the modifications made to the W values.
5.6 DETERMINATION OF W (K  ^ PARAMETERS FOR FCC Cu-Zn,
FCC Mn-Zn, AND FCC Cu-Mn SYSTEMS
5 . 6 !  System Cu-Zn
(K)The relevant W v ' parameters for the system Cu-Zn in 
its FCC form have not been obtained so far, presumably 
because of lack of unambiguous experimental data regarding 
the ordering temperature in this system. Many investigations 
regarding the ordering behaviour of a-brass in the composition 
region around Cu^Zn have been conducted, and it has been 
shown that there is a considerable amount of short-range 
ordering below - 525°K without any concrete evidence of 
long-range ordering, even at - 3 5 0 ° K . This has been 
corroborated by Y-irradiation studies on a-brass^10^ .
In the absence of a definite experimental value for T ,
it is assumed that Tc (70 Cu/30 Zn) = 275°K. Taking the
experimental heat of formation value from Ref .107 and substituting
these values in equations (3.25) and (3.23), respectively,
and values for the system a -Cu/Zn are obtained,
as given in Table 5.5. Value of x is taken as 0.82 (See 
Section 5.6.4).
*
5.6.2 System Mn-Zn
It has been established that Mn Zn3 alloy exhibits a 
perfect L ^  structure (a') on annealing at 525°K, and this 
is ferromagnetic below 140°K^108 .^ From the phase diagram
Te
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M n  ( a t %  )
FIG.5.3 : Phase diagram of the system. Zn-Mn (Ref.109).
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proposed by Nakagawa et al^dG^  (Fig. 5. 3 ), it is seen that
the a' phase extends up to 600°K. Since no ordering
transition temperatures have been given, and it is certain
that it is above 525°K, it is tentatively taken to be 570°K.
From the Mediema estimate of enthalpy of formation available
for stoichiometric Mn-Zn alloy, from Table 5.3, an estimate
of the enthalpy of formation for the 75 M n / 2 5  Zn alloy is
obtained, as given in Table 5.5. Substituting these values
(K )in equations(3.23) and (3.25), the W parameters for Mn-Zn
systems are obtained, as shown in Table 5.5 . Value of x 
is taken as 0.82 (See Section 5.6.4).
5.6.3 System Cu-Mn
For the FCC Cu^Mn alloy, the critical temperature of ordering 
is reported to be 450°C, i.e. 7 2 3 ° K ^ F0  ^. However/ an 
ordering temperature is difficult to establish unambiguously 
because of a miscibility gap at about that temperature^**3^ .
As in the case of Cu^Zn, it has been observed that there 
exists only short-range ordering below 400°C, i.e. 675°K, 
and annealing at lower temperatures indicates only attainment
(lio H3)
of equilibrium SRO - . The existence of a positive
heat of formation indicates the possibility that the parameters
and W ^2 ^ may both be negative. Even though this does
not preclude the fact that there could be an ordering reaction
(9 2 )with a positive value of T c as it is likely to be very
low, it is assumed to be equal to 0°K for the alloy Cu^Mn.
Now utilising the enthalpy of formation value from Ref.No.107,
( 1 ) ( 2 )we get the values of W and W for Cu-Mn system
as shown in Table 5.5 .  Value of x is taken as 0.82 (See 
following section).
5.6.4 Correction Factor' x for FCC Cu-Zn, Mn-Zn' and Cu-Mn 
Alloys
As already mentioned in section 3.5.2 the correction 
factor x f°r FCC alloys lies in the interval 0.5 $ x £ 0.9 
and a precise value cannot be ascribed to it even if both 
the informations concerning enthalpy of formation and the 
critical ordering temperature are known accurately because 
of the absence of CV results that have used both and
(2)parameters in their calculation. Unless a plot of x v s * W /
. Similar to the one obtained for the BCC phase (Fig. 3.5)
is available it is very difficult to get an accurate value of 
and for the FCC alloys. Taking into account the
approximations involved in arriving at the enthalpy of form­
ation and ordering temperature estimates in the Cu-Zn, Mn-Zn 
and Cu-Mn systems, the only way left open is to use the
criterion that the free energy vs. temperature curves obtained
( 1 ) (2)using a particular set of W , W values should reflect the
expected smooth transition from ordered to disordered state
in these alloys. Several values of x were chosen in the
( 1 ) ( 2 )interval 0.5 £ x S 0.9 and the resulting sets of W and W 
values were used to obtain the different free energy vs. 
temperature plots for each system. It was found that only 
the value x = 0.82 yielded and values that satisfied
the requirement that the transition from ordered to disordered 
state be a smooth one. Consequently, a value of x “ 0.82 
was chosen for the FCC alloys of Cu-Zn, Mn-Zn and Cu-Mn systems.
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5.7 ENTROPY CHANGE AND ELASTIC STORED ENERGY CALCULATIONS 
FROM STRESS-STRAIN AND CALORIMETRIC DATA
5.7.1 AS Calculation from stress-strain data
It is generally assumed that the entropy change AS 
accompanying a martensitic transition can be measured from the 
stress dependence of the transformation temperature, and 
investigations with Au-Cd^3'3'4  ^ and In-Tl^3'3’5  ^ systems, indeed, 
have shown that the critical shear stress cr M to induce the 
martensite is linearly dependent on  ^ ' and ^ a t  t*ie
heat of formation calculated from AS agrees well with the 
value obtained by calorimetry. Ahlers and Arnedo have shown 
that in single crystals of Cu-Zn alloys, with Zn concentration 
in the range 39.2 to 40.4, the principal habit variant that 
is induced by stresses is the one with the highest shear
(3 3 )
component . The shear stress component is t:m  = cr^  uM
where is the Schmidt factor. Within experimental error,
d r M^ has been shown to be independent of crystal orientation 
s
and concentration. The entropy change, then, is calculated
d tM dTMfrom using the Clausius-Clapeyron equation As = y
S !
where 1y' is the amount of martensite shear. y is obtained 
from theory. It depends very little on zinc concentration, 
and is y - 0.17 for 4 0 % - zinc -Cu alloy v38).
Assuming the same value of Y - 0.17 and a Schmidt 
factor of 0.5 for polycrystalline specimens, the entropy 
change has been calculated for the Cu-Zn-Mn, as shown in 
Table 5.6.
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5.7.2 Stored energy calculation 
from calorimetric data
It has been shown theoretically by Cohen and Olson 
that in thermo-elastic martensitic transitions the equilibrium 
situation is well described by the following equation :
AGch + 2 Agel = 0 ....(5.4)
(9)
where AGch = chemical free energy difference between
martensite and parent phase;
Age^ = elastic strain energy.
AGcbL is negative below T , the theoretical transition temp­
erature. Assuming this relationship to be valid, Nakanishi 
(71)et al have calculated the stored stain energy in the
following manner: Since the above balance exists at M^, the 
following conditions may be allowed:
AG , = 0 at Tch o
AG . = AS (T - M ) at Mch o o s' s
AG, = AS (T - M !  at M- ch o o f  f
Here, ASq signifies the entropy change at Tq and is equal 
to AH0 / T q . The enthalpy AHq may be assumed to be of the 
form :
AH = I AH , . o cooling + Agel
where | AHcooiing | r^al heat dissipated in the region
M g to. = heat absorbed in the region
A s to A f
+  p * jy[ *+■ p
Ah and AS Values from D SC Experiments
TABLE 5 . 1
A llo y  Composition 
( in  at.% )
. M +P AH
J/mol
AG n e l
J/mol
» M -hP AS
— ----------------------------------------------------£,
Remarks
Cu Zn Mn J/mol/K
61.5 38.5 0 250 24 1.18 From R eferen ce 33.
61.5 38.0 0.5 160 -190 19 -21 0.86-0 .96 As quenched and 
g iv en  requenching 
treatm ent from
200°C.
61.5 37.5 1.0 142 -159 17 -18 0.77-0 .82 As quenched and 
g iv en  requenching 
treatm ent from
200°C.
— , ___ ... e
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At M f (laHc°°llng| * Agel) (T - M )• - 2 Agf o f  el
o
I A H . I x. AT 
Ag n = --- 2 2 9 l A n3.J______   (5 .5)
e 2 T - ATo
where a t = T - M,.o f
As regards assigning the value of T , the choice is between 
Mg and A f since the hysteresis is quite small. Cohen and
(a  \
Olson have again indicated that Tq is likely to be nearer 
to A^ than to M . Assuming Tq to be equal to A^, the values 
of stored energy and the entropy of transformation for the 
alloys calorimetrically examined are calculated and given in 
Table 5.7.
e
5.8 FREE ENERGY CALCULATIONS
The - various chemical contributions to the free energy 
expression are the pure element energy, the mixing energy, 
the order energy, and the entropy terms. Each of these terms 
is calculated for each alloy, as described below.
5 . 8 !  Pure element and mixing energy terms
The stable crystal structure at °K of the elements 
copper, zinc, and manganese are FCC, H C P , and complex cubic, 
respectively. When considering the BCC or FCC phases, the 
appropriate conversion of the elements to the phase in question 
is performed first. The pure element contribution to the 
alloy is then obtained by multiplying each element contribution
83
by their respective concentrations and summing up. As regards 
the mixing energy term, it can be seen from the free energy 
expressions that this term is calculated easily once the values 
of and and the concentration of the different
elements in the alloy is known.
5.8.2 Ordering energy and entropy terms
These terms are calculated when and W^2  ^ values,
along with the equilibrium order parameters at every temperature 
considered, are known. Theoretically, it is possible to 
calculate the equilibrium order parameters at every temperature 
for binary and ternary alloys by solving the transcendental 
equations resulting from the minimum free energy requirements. 
This is comparatively easier in binary alloys than in ternary 
alloys. For the ternaries, the polynomial approximation method 
discussed in Chapter 3 is more suitable, and much simpler.
i
5.8.3 Electronic, defect and stored energy terms 
Apart from the chemical contributions to the free
energies there are other terms arising from electronic 
origins, defects and stored lattice energies. In the 
ensuing calculations the elctronic contributions have been 
taken into account as 'additional term' and its significance 
is discussed in Chapter 6. The stored energy term comprises 
mainly of stored elastic energy because of the thermoelastic 
nature of the martensite and is of the order of 20J/mol in 
Cu-Zn based alloys (see Section 5.7.2). The defect contribution 
is mainly from stacking faults and is not likely to exceed 
#20J/mol . Since the stored energy and the defect terms
84
together account for only a minor part of the total free 
energy change involved these have not been taken into account 
explicitly in arriving at the free energy curves.
5.8.4 Free energy calculations for Cu-Zn binary
and Cu-Zn-Mn ternary alloys
The free energy variation with temperature for the two 
crystal structures BCC and FCC for three alloy compositions 
60 a t % . C u / 40 at%.Zn, 61.5 at%.Cu/38.5 at%.Zn, and 63 at%.Cu/ 
37 at%.Zn are calculated by the rigorous and polynomial 
approximation methods. Tables 5.8 to 5.13 list the pertinent 
details of the two types of calculations for the three alloys. 
The free energy plots for all the three alloys obtained by 
both the methods are given in Figs.5 .4 to 5.9 . The free 
energy vs temperature plots for the BCC and FCC structures
of the ternary alloys 61.5 Cu/37.5 Zn / 1 . 0  Mn (at.%),
60.0 Cu / 35.0 Zn / 5.0 Mn (at.%) and 60.0 Cu / 30.0 Zn/ 10.0 Mn 
(at.%) obtained by making use of the polynomial approach 
are given in Figs.5.10 to 5.12. The pertinent details of 
the calculations are given in Tables 5.14 to 5.16. The 
lattice stability values for Mn have been estimated from 
Fig.3.3.
VA
RI
AT
IO
NS
 
OP 
OR
DE
RI
NG
 
PA
RA
ME
TE
RS
 
AN
D 
TH
E 
TO
TA
L 
FR
EE
 
EN
ER
GY
 
WI
TH
 
T 
IN 
60
/4
0 
BR
AS
S
LO
0H
Pm
GOCO
ro
CO
II
X•H
E0
<3
{"vo
O
I
VO•ror-
to U u uO Pm 
CO
Eh
I
>t to
ro  O  
cnro N* ro
Di > i
g fa rH
•H i—i o
P ro 0
* 0) t t N
rH to -P to0 p a
H
\
O 0)
X ts
P
vo 0) cn
N* 4-> P
VO Di cu
VO rH £ •P
al •H CU1 £
o
P0) Id
II •H to P-P p <ti
to
p
o 0
•H
to
to
<
o fa
OO
Pm
0
i—l
(ti
■POEh
i—IOe
to o  
p  u  
o fa co
Hos
cnIT)ro
00
N'
voin
oo
vo
r-
co
vooI—l
cn
vovo
vo
cn
CN
onCNOi—ii
col—lon0
i—I1
N' LD 
i—Ii—1I
O VO
("• cn*—I r
CN CN
i—1 i—II I
VO
cni—j i—i
CO CO o
an N ' r -1—1 cn 1—1
rH
o o
oN1
cn o OCN cn o fa• i—i fa OO • • •O o o
• cn o o• cn r-' vo •O ro ro «—1
O O o
O O oO O O o
rH CN ro
o o
oo ooLO
Oo
vo
OOr-~
OOco
CN
CNN1ro
rHI
ro ro N* on . an cn cn cn cn anN1 VO CN in m in m m m m
o’ CN in m m in m m m in
o
o oo o
cn o
rH
rHos
or-oo
«—Io
s
_  CJ
V , CJ
PQ
o0
fa
0<3
rH(ti
•POEh
rHoe
ro
cnCNco
N1
CO
VO00
o
o
cn
oN'N1
cn
00in
oo
cn
N*•sfCN0
I—I1
inoo
inO
r-
cn
coO
CO
vo
rH 
r—Ii
>i
g cu■H i—I
P  (ti 
<U £1 
to -M 
P  G  O 0)
rH0s
VON*N1
CN
rHI
O o O O O o O O Oo • o o O O o O O OiH CN ro N* m vo r~ CO an
N1
LO
CN
ro
rHI
cn cn O fa VO O ro CNro ro O CN ro fa 00 anfa i—1 i—1 an r- ro N1 faro ro ro CN CN CN i—l O o o
0 m i4<] anin to u N o o vo ro o N1 vo fa cn an anfa fa in O N' o O N1 in m ino H* P CJ O • • • •s N O fa s 1—I rH rH CN CN ro N* in in in in\ CO \to X to
Eh r-1—1 CM « o o m oin fa p o o 00 VO• 00 Di (U CN CN 1—1 O o O O O o O OCN rH G -P • • • •1
VOfa
I fa <U P | a) ro
o O o o .1 ,
cn 1! to P o o •o o an l> VO roto1 p ro o o o o CO in 00 Oto O fa X N’ N1 ro ro CN fa O o OI p • ■ • • • * • « *o . • o o O o O ’ O o O• 0 0D <3 -
OoO
VA
RI
AT
IO
N
S 
OF 
O
RD
ER
IN
G 
PA
RA
M
ET
ER
S 
AN
D 
TH
E 
TO
TA
L 
FR
EE
 
EN
ER
GY
 
W
ITH
 
T 
IN 
6
1
.5
/3
8
.5
 
BR
AS
S
O
o
Em
in
in
HDH
Pm
O'O
trjE-t-MS
CO
DO«O
IDH
Pi
i—(o
s
LDCM
CMCO
I
It
•H
sHD
<3
ft
LO
0
1
CO.0r-
rHos
T l O  
to U 
O Cm 
CO 
Eh
I l—IO
cT \  
>1 ft
co O 
cm ft
CO f t
co ++
LD
ft
LD
LO
I
II
fttoo
HD
<1
OU
Em
HD
<3
tn >i 
to ft
*r| 1—I
to fd<a to ft tou c 
o  dJ
1—Io
s
f t  CJ 
to u o b co
w
to
tn a) to to •h- a)
Q I  (D (3
ft to 
to <d 
O ft
>1
oco
CM
CO
cn
ft
ft
CO
oft
LD
CO
CYin
CD
CO
oinin
CSY
co
LOt— 1o
oinr"0 ■—I1
LOr*co1—l
Ooo
CM
Oinin
CM
rH
LO
iH
f-
CO
ft
rH
CM
LO
CO
oin1—i O O o
co
ft ftin r-00 corH ftin ftm ftin ftin ftin ftin
Oco
CM
in
CM
CM
o
CM
mco
CO
ft
00
co
o
LOFO
o
o in- 1—1 O o
ool—I
oo
CM
ooco
ooft
ooin
Oo
LO
oo
CO
oo
OY
oo
CMco
ft
in
O
Ooo
o
o
CQ
ft
cn
CSY
OY
X•H
ea
< 3
r-H
§
hi
Eh
cmI
LO
LO
OY
ft
S 8  
o ®Ul
9
I
C"~in
OYm
r~
CM
co
tj
to O . CD 
<
oUCQCD<3
rHtd
tooEh
t-iOS
Or-
cnr-
rH
LO
CO
00
omi>00
r-*
CM
in
m
CSY
rH
CM
cn
OY
COr-'
CMo
00o
LOoI—I' I
00o
ft CM
CM
I--1
1
tn >1 
a ft
rH
to id 
a) to
to
to
Ho
6
oooco
Oooco
Or-
cn
CM
CMco
CM
in
rH
in
CM
coO1—1
CM
CMO
CO
I—1
r-"ft
o o
O <D
•a o 
to u O PQ 
HJ1
CO
ft
co
ft
VO
in
LO
OY
0 0
uy
cnrH co
ft
cn
ft
in
ft ftin in
uy in
ui
to
cn ai 
to to<u
o
CO
CM
o
co
CM
CO OiH UY
CM 1—I o o
uoco
co
uo
0 0
co
UY
0 0co
uococo
coE'­en
• iH CO
ft LOCO CM
inO O O
O O
oOI—I
ooCM
OO
CO
OOft
oo
in
ooLO
oor-
O OO O
co cn
in
CMO
CO
ftUY
oOO
VA
RI
A
TI
O
N
S 
OF 
O
RD
ER
IN
G 
PA
RA
M
ET
ER
S 
AN
D 
TH
E 
TO
TA
L 
FR
EE
 
EN
ER
GY
 
W
IT
H 
T 
IN 
63
/3
7 
BR
A
SS
U
o
fe
LD
m
O
H
fe
aowEh
WS
cn
Do
feo
0
H
fe
I—Io
6
COcn0 co1
X•H
eo
<3
faOs
CNLD
0
1
faCOLD
oofeCD
<3
fa i—10 nj
s Prt. Ohi Eh
2 8  O fe
cn
Eh
I fa
o
cT' \  
>1 h)
ro O 
CN fa  CO fa co
LD
fa
LD
LD
•apo
CJ (3 <1
tn rtg ft fa■HPa)>ap
fafd
5G
oBrt.hi •1
13
4
•1
12
1
78
0
• 5
4
o <U i I l i
TO o  P O O fe
cn
fe
01Pft <DG Pfa <1)PCD 3TJ pP fdO ft
fe
fa
faCO roCO
rocn
faCO
LD
faCOCO
ro
fa
facn
CN
CNo0
fa1
in
CNLD0
fa1
0 inCNfa
I—I1
0 inoofai—I1
oinfa
CN
O in O OLD in ro faCN CN fa o
O O O o
o cn O o-rt LD ro . 03ro ro ro a
O • O O o
o o o O o o o oo o o O o o •o o1—1 CN ro fa in LD rt 00 cn
OO
fa in LD ro rt rt rt rt rt rt rtfa m O ro fa fa fa fa fa fa fa• • » • • r • • • • •fa fa ro in tn in in m in m in
Ooo
I—I
rH
oB
cn
rt
rt
03
X•H
S0<3
fa0 B
r t .h)
i—Iin
CM1
■ 00 I—Ioin
fao
Oo •
CQ „ 
0 in 03 fa CN CN CO fa fa r t O os <3 i—( fa ro ro i—1 LD • o in fa ro fa o
r t . O LO O fa CO fa LO cn ro cn CO
hi fa B rt 00 CO CO 03 03 cn O fa fa CN
or
d BC
C fdP
rt.hi i 1 1 1 1 1 1 fa1 fa1 i—ii fa1OEh
cn
Eh
I
><
rtin
cnm
rtCN
f a
CO
I
II
•a p 
o . 0 
<:
tn >1 
«  ft•rl i—IP fd 0) & 
*d Ppo
ro fa CO fa O fa 0000 00 LO fa ■ fa rt 0000 oo 00 rt ro cn oCN CN CN CN CN fa fa o o o
TJ U 
P O O pq 
cn
fe
fa fa ro in CN fa ro r t r t r t r t
fa fa in 00 rt CN ro fa fa fa fa• • • ■ • • • • • •
fa fa fa fa CN ro fa m in in in
cnptn ai 
a p•H 0)p s a) ra T3 P p ni O ft|
O o ro OLD LD in faCN CN CN CN» •O o o O
O o o o
o O O O rt O inrt rt rt rt in ro faro ro ro ro ro ro CN• ,O O O O O O O
o o o
fe
o I—1
o O O o ■ o O O OO O O o o O O oCN ro fa m LD rt CD 03 o
VA
RI
AT
IO
N 
OF
 
TO
TA
L 
FR
EE
 
EN
ER
GY
 
WI
TH
 
T 
IN 
6Q
/4
0 
BR
AS
S 
(P
OL
YN
OM
IA
L 
AP
PR
OX
IM
AT
IO
N 
ME
TH
OD
)
in
O
H
ft
U
u
ro
LO
*•
0
1
10
COr-
O'ft
O
stoQ)■P
idc-o•H+J
•H
TJ•a
CO
CO
co
CO
a)
X to
H to
e to
o o
<3 to
to
to
w
a>
i—ios
Eh
t—Iin
CM
I
LO
I—I
cn
ft
Or-O0rH
1
ii
u
<3
O
to i—1
cd
<d •H
to 6
id n
T l to
> .
to »—!
to o
f t f t
to
H
54 rHOs
•ro • <
_  54
54 !n 7-1
o  0S  S
ro
tn
to<u
to to  
a) a  
ra  E  
to ed 
O  to 
cd 
ft
f t
o .
• O  S
o  \
cn hi
o CM
to  f t
cd i
cd -H
to  E II 54
id o 0
t i  to ™ o
> i ro  w
to  f t
to o CM
f t  f t <
to ro
M
<3
54
3o
ro
<3
ro
to
toQ)
to to
cu a)
TJ E  
to cd 
O  to cd 
ft
a>to-to-pu
to
toto
ro
o<
• lo  g  
cn <  
h qrH
ii
CM
to!
+rH 54oo
ro
<3
54
f t o^
54
O
f t - l ! . m
h> f t
ii CO
ii
54
f t 1 o CM
^ r o ~  • roN
1 f t
I—1 <
"—
ro O
P i
cn
in
m
<
s0
in g 54*\ O
CO hi
CMi—1
54 1II Oos" CN
w m\1 CM
ro XH
CM
m
f
CM
cn
CMi
54
54
\ cn 00
0 rH lo O
O o • •
E m CM
CM
ft
O'
CM
ro
CM
LO
cn
rH
rH
ft
CM
O
ft
o
»—I
. r o
rH
■ o 
00 E
CO \  
CM O
II
r T  540 O 
Q O
1
CMm
 szr
rH
CO 2
LO
O ^
It
54
co O 
O O P
m
<3
CM
ro
. r o
54
mrH
CO
oa\
CMm
ih;
op
CMm
co
CO
CM
i
f t
rH
CN
o
VA
RI
AT
IO
N 
OF
 
TO
TA
L 
FR
EE
 
EN
ER
GY
 
WI
TH
 
T 
IN 
*6
1.
5 
/3
8,
5 
BR
AS
S 
(P
OL
YN
OM
IA
L 
AP
PR
OX
IM
AT
IO
N 
ME
TH
OD
)
oo
m
0
H
fe
u
o
fe
u
0
PQ
fa0
o’
I
00ort
oaNh)
OOin
+
S
P0)
P
fa
id
GO•H
P•H
TO
05
i—IOa
LOCN
CN
00
t
II
X
" EO 0  
P  <3
i—iin
CN
I
LO
LO
cn
fa
roro
cncn
X•H
e6
<3
o
p  fa  
<d
<d -Hp a
id O 
T3 . G
P  fa  
G -O 
f t  f t  
Gfa
fe
P<3
fe
fe
CO
01
pai
p  P  ai ai-■a e
p  (d 
O  P  
(d
• ft
<D
P
PO
G
S
co
o
p  fa  
id
id fap a
id O 
t3  G X 
P  fa  
G O 
f t  f t  
G 
fa
P
<3
fe
°6
t-I
oa
fe
oo
co
fe \  «—t
oa
W
P
Cl)
p p
0) (1)
T I a
P id
O p
id
f t
0)
p
G
pO
G
PP
CO
fe
o
ofaro
11
CO
fam
fao
ro
03 faLO ^ CN
• I
CN
P
iCN<
fe
o
o
p
<1
CM
PQ
CM<
ro a fe
■\ o
ro h) ro
O
/_v r t
fe II
II o
,—, o
’s—' CM
CO Pr t
1 CM
CO X
— H
CN
P ro 
i oo 
T  LO 
CM CM 
< »
fa fa COin • CM fa• • «
<n CM fa
o
CN
inroro
O
CN
P
CN
LO
£,rti
ro
fa
ro
CM
in
COro
LO 
i—Iro
II
ro
i—IO
a
ro
■pr
feo
o
oQ
+
CN
p
oQ
fe
P
<1
CN
P
CO
I
fe0 
I—1
faro
roO
Q
r t  .(N
P
CO
oQ
+
CM
P
LO
faro
I
ro
CM
in
00ro
O
Q
VA
RI
AT
IO
N 
OF
 
TO
TA
L 
FR
EE
 
EN
ER
GY
 
WI
TH
 
T 
IN 
63
*/
37
 
BR
AS
S 
(P
OL
YN
OM
IA
L 
AP
PR
OX
IM
AT
IO
N 
ME
TH
OD
)'
cn
in
0
H
Cm
U
0
Pm
0
0
m
CN
VO
o’
I
I—I
COvo
O
or-
+
6
P
0•P
H
(ti
GO■H
•P
to
to
rH
O
B
00cn
ooo
■v-rt 0
X hil 'H G
S ttO 0 O
D <3 G
P-P
CO
a)■—ioe
EhHin
CN
I
00rH
oin
anc-~e'­en
XI -HBo 0
D <|
o
-p i—1
0
•H
•p E0 O
to G
>.
tt i—1
G O
fa faGH
54 rH
oB
fa
<3
54
CO
01
Pa;p tt 
01 0 
to E
54 C—N1
0 •E in\-ro
o•P rH
(ti
(ti *H •p g
(ti o 
to g >1 •P rH
G O fa fa 
G
54
fa
<3
54O'O
co
54
0)
P0p -P 
0 0 
to S
0p
G-Po
G
P■Pco
i to
CN
rH
PI
o*o
fa
<3
) 
= 
4.
03
 
J/
mo
l/
K
30
6 
°K
l
54O
W £  
i
H
* CN *-1to
i—1<C
'CO OEh
O
o
<
cn § 
co r>
j^r to  
CN
I
CN
fa
fCN
54OO
fa
<3
£NI—I0
' #  anq
01 54 
II o
cn £  
fa 0
1CN
w
543
CNanvo
11
CNm
CN(C
CN
fa
f
CN
rtj
CN
00N1CN
I
t-' 00N* ro• •in CN
o
cn
CN
<
CN
fa
£N m 
ty roh-I i—|
f  to­
rn i
C
VOCN
r-ro
"ST
•—!
\  
N1 to 54o
roO
0B
to
an 9
oty 0roN1 1 rt-1
I
54O 1—  O
ro
OQ
+ 54
ro ^  O Q
0
roOQ\
CN
fa
OO B2
CN
fa
fa .0<3 '—' . Eh.
Oa
+CN
fa
roO
T
VOCN
r-~ro
o
p
p
rt
ca
o
r t  • 
CO
fa
3  tn 
U
* s
fa  fe 
LO
25H
>* o
fe 
W
a
M
W 
W 
fe fe 
fc fe 
fe 
rt
rt 
H
a 
o 
a 
>< p
o
fe
>1
o
•4
rt
«
a
in
rt
GN
inro' t—i 
i—i
CD
°  VU) fe
w *  
w o
VA
RI
AT
IO
N 
OF 
TO
TA
L 
FR
EE
 
EN
ER
GY
 
WI
TH
 
T 
IN 
60 
Cu
/ 
30 
Zn
/1
0 
Mn 
AL
LO
Y
ftoaNarHo Qa oN VO
+3 ft +oEH aN II
m hi- • LO a01 LOro fta).pCN
8
c-'
1 ft«Sft II G* Oftii X 4->ft fta •do o •da •<
LT)CN
CNI
LOLOcnft
COcni
u
<3
0ft rH (0
s-g«} oTJ G
•p ft 3 O
01 04CSH
S4OO
as<
54oo
uid04
Pa)•duo
GtSJ>1
3
<U
u
30
1
_ca_
8 ftid
4-> ft
3 O
54 C ft O O— ato, \<3- +3
54 -s. O ft
S  g
to . N>i
&
04
o0)•OMO
to
r* r* 
^  aCN \  
ft h)
I
CTI
a<3
t"9)m.n
£  » °  
2
w
i
LO
ft
o
? r
t- ftcn c °  GCN^
I
CNCUtCN<
y,oo
ft
^  o 
co-^
i 5>4C
N -  2a w
<i
C-4 I
540
COcnin
ii
r*CN0 CN1
LO inft cn
r- co
OCO
OI
O
O
ft
cni h»
cn «—I
0ft
o*1
oco
a
oft
CNrH
ro
!>>> Q
m s
= = ^
^ft
^ 4it
_  s?
ft o
ft to
toiCNa
ft
II
a<i
ftCNto 0 UOin1
cn
ft
CN
0ft
o’1
oro
01
oCN
oft
Fr
ee
 
En
er
gy
 
K
J/
m
ol
Temperature 0 K
FIG.5.4 ; FCC and BCC free energy curves for composition
60 Cu / 40 Zn (at.%) (Rigorous method).
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FIG.5 .5 : FCC and BCC free energy curves for composition
61.5 C u / 3 8 . 5  Zn (at.%) (Rigorous method).
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FI G .5.6 : FCC and BCC free energy curves for composition
63 Cu / 37 Zn (at.%) (Rigorous method).
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FIG.5.7 : FCC and BCC free energy curves for composition
60 Cu / 40 Zn (at.%) (Polynomial approximation).
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FIG.5.8 : FCC and BCC free energy curves for composition
61.5 C u / 3 8 . 5  Zn (at.%) (Polynomial approximation).
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FI G .5.9 : FCC and BCC free energy curves for composition
63 Cu / 37 Zn (at.%) (Polynomial approximation method).
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F I G . 5 .1 0  : FCC  a n d  BCC f r e e  e n e r g y  c u r v e s  f o r  c o m p o s i t io n
6 1 .5  Cu /  3 7 .5  Z n / 1 . 0  Mn ( a t . % )  ( p o l y n o m ia l  a p p r o x i ­
m a t io n  m e t h o d ) .
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F I G . 5 . l l  : FCC an d  BCC f r e e  e n e r g y  c u r v e s  f o r  c o m p o s i t io n
60 Cu /  35 Zn /  5 Mn ( a t . % )  ( p o l y n o m ia l  a p p r o x im a t io n  
m e t h o d ) .
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F I G . 5 .1 2  : FCC a n d  BCC f r e e  e n e r g y  c u r v e s  f o r  c o m p o s i t io n
60 Cu  /  30 Zn /  10 Mn ( a t . % )  ( p o l y n o m ia l  a p p r o x im a t io n  
m e t h o d ) .
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C H A P T E R  6
D IS C U S S IO N
6 .1  INTRODUCTION
I n  t h i s  C h a p t e r  t h e  e x p e r im e n t a l  r e s u l t s  an d  t h e  
c a l c u l a t i o n s  p r e s e n t e d  i n  t h e  l a s t  tw o  c h a p t e r s  w i l l  b e  
d i s c u s s e d .  T h e  m a r t e n s i t i c  t r a n s f o r m a t i o n  c h a r a c t e r i s t i c s  
f o r  q u e n c h e d  a n d  a g e d  C u-Zn -M n  a l l o y s  a r e  a n a l y s e d  w i t h  
r e s p e c t  t o  t h e  kn o w n  b e h a v io u r  o f  C u - Z n  a n d  C u - Z n - X  s y s t e m s  
i n  t h e  f i r s t  t h r e e  s e c t i o n s ,  h i g h l i g h t i n g  t h e  r o l e  o f  o r d e r .
I n  t h e  n e x t  s e c t i o n ,  t h e  o r d e r i n g  c h a r a c t e r i s t i c s  o f  t h e  
8 - p h a s e  a r e  d i s c u s s e d ,  w h ic h  i s  f o l l o w e d  b y  an  a n a l y s i s  o f  
t h e  f r e e  e n e r g y  c u r v e s  o b t a in e d  on  t h e  b a s i s  o f  BWG f o r m a l i s m .  
I t  w i l l  t h e n  b e  sho w n  t h a t  t h e r e  e x i s t s  a  g o o d  c o r r e l a t i o n  
b e tw e e n  t h e o r e t i c a l  p r e d i c t i o n  a n d  e x p e r im e n t a l  r e s u l t s .
6 .2  E F F E C T  O F M ANGANESE ON M T EM PER A T U R E--------------------------------- s -----------------  ■
T h e  t e r n a r y  i s o t h e r m a l  p h a s e  d ia g r a m s  f o r  t h e  s y s t e m  
C u-Zn-M n  ( F i g . 2 .2 3 )  a n d  t h e  q u s i - b i n a r y  s e c t i o n s  p r e s e n t e d  
i n  ( F i g . 2 .2 4 ) i n d i c a t e  t h e  p o s s i b i l i t y  t h a t  8“ P h a s e  c o u ld  b e  
q u e n c h e d  a t  room  t e m p e r a t u r e  i n  C u-Z n -M n  a l l o y s  w i t h  a  c o p p e r  
c o n t e n t  o f  6 0 % , a n d  m a n g a n e s e  u p  t o  1 5 % . H o w e v e r ,  i n  t h e  
p r e s e n t  i n v e s t i g a t i o n s ,  i t  w a s  n o t i c e d  t h a t  i n  t h e  60% c o p p e r  
a l l o y s ,  o n c e  t h e  Mn c o n t e n t  e x c e e d e d  1 0 % , t h e  t e n d e n c y  f o r  
m a s s iv e  t r a n s f o r m a t i o n  w a s  v e r y  p r o n o u n c e d ,  a n d  a  b r i n e  q u e n c h  
w a s  n o t  e n o u g h  t o  a r r e s t  t h i s  t r a n s f o r m a t i o n  i n  1 mm t h i c k  
s p e c im e n s .  S u c h  a  t e n d e n c y  f o r  m a s s iv e  t r a n s f o r m a t i o n ,  w h ic h
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i s  e n h a n c e d  on  r e p l a c i n g  z i n c  w i t h  Mn i n  60% c o p p e r  a l l o y s ,  
h a s  a l r e a d y  b e e n  r e p o r t e d ^ 5 ^  a n d  i s  c o n f i r m e d  h e r e .  A l l  
t h e  a l l o y s  d e s ig n a t e d  b y  'A '  i n  T a b l e  4 !  r e t a i n  t h e  6 - p h a s e  
on  q u e n c h in g  f ro m  h ig h  t e m p e r a t u r e ,  a n d  u n d e rg o  a  m a r t e n s i t i c  
t r a n s f o r m a t i o n  o n  c o o l i n g .  A s  c a n  b e  s e e n  f ro m  T a b l e  4 . 2 ,  
t h e  e f f e c t  o f  m a n g a n e s e  i s  t o  d e c r e a s e  t h e  Mg t e m p e r a t u r e .
P o p s   ^ h a s  sho w n  t h a t  t h e  Mg t e m p e r a t u r e  i n  C u - Z n - X  a l l o y s
c a n  b e  e x p r e s s e d  a s  a n  a d d i t i v e  f u n c t i o n  o f  v a r i o u s  t h i r d  
e le m e n t  c o n t r i b u t i o n s .  U s in g  t h i s  f o r m u l a t i o n ,  t h e  Mg f o r  
C u-Zn-M n  a l l o y s  i s  g i v e n  b y  :
MS ( ° K )  = 3 2 8 0 -  80 x Zn  - (8 0  ± 2 )  ( 6 . 1 )
w h e re  x Zn  a n d  x ^  r e f e r  t o  a t o m ic  p e r c e n t a g e s  o f  z i n c  a n d  
m a n g a n e s e ,  r e s p e c t i v e l y .  T h i s  seem s  t o  f i t  t h e  e x p e r im e n t a l  
r e s u l t s  up  t o  a b o u t  ^ 8 a t . % .  A b o v e  t h i s  v a l u e ,  t h e  e f f e c t  
o f  m a n g a n e s e  i n  l o w e r in g  t h e  i s  l e s s  t h a n  t h a t  o f  z i n c .
Hum e, R o t h e r y  a n d  H a w o r t h ^ h a v e  s u g g e s t e d  t h a t  t h e  e f f e c t  
o f  m a n g a n e s e  o n  thfe  s t a b i l i t y  o f  t h e  a  a n d  6 p h a s e s  i s  t h e  
sam e a s  t h a t  o f  z i n c ,  a n d  h a v e  a s s ig n e d  t h e  sam e e l e c t r o n  
c o n t r i b u t i o n  f ro m  m a n g a n e s e  i n  C u-Zn -M n  a l l o y s .  A s s u m in g  
s u c h  an  e q u i v a l e n c e ,  th e  e x p e r im e n t a l  Mg v a l u e s  a n d  t h e  
c a l c u l a t e d  Mg v a l u e s  ( u s i n g  P o p 's  f o r m u la )  c a n  a l s o  b e  p l o t t e d  
on  an  e/ a b a s i s  ( F i g .  6 ! ) .  I t  c a n  b e  s e e n  t h a t  t h e  Mg v a l u e s  
o f  C u-Zn-M n  a l l o y s  a p p e a r  t o  b e  c o n s i s t e n t l y  lo w e r  t h a n  t h o s e  
o f  C u - Z n  up  t o  an  e/ a  v a l u e  o f  1 .4 9 6 .
T h e  r e s u l t s  o f  t h e  t e n s i l e  t e s t s  sh o w  t h a t  C u-Z n -M n  
a l l o y s  e x h i b i t  p s e u d o - e l a s t i c  b e h a v io u r  s i m i l a r  t o  C u - Z n ,  
C u - Z n - S i ,  a n d  C u - Z n - S n  a l l o y s  a b o v e  M , a n d  a  s h a p e  m em ory3
T
e
m
p
e
ra
tu
re
E l e c t r o n  / A t o m  ratio
F I G . 6 .1  : V a r i a t i o n  o f  w i t h  M a n g a n e s e  c o n t e n t
a n d  c o m p a r is o n  w i t h  t h e  e f f e c t  o f  Z i n c  on  
an  e l e c t r o n  c o n c e n t r a t i o n  b a s i s .
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e f f e c t  b e lo w  M . T h e  m axim um  r e c o v e r a b l e  s t r a i n  i n  p o l y ­
c r y s t a l l i n e  s p e c im e n s  i s  =: 5 % . T h i s  i s  lo w e r  t h a n  t h e  15% 
r e c o v e r y  o b s e r v e d  i n  C u - Z n - S i  a n d  C u - Z n - S n  a l l o y s ,  b u t  i s  o f  
t h e  sam e o r d e r  o f  m a g n it u d e  a s  i n  A g -C d  a l l o y s ^ 1 ^ .  T h e  Mg 
v a l u e s  o b t a in e d  b y  e x t r a p o l a t i o n  t o  z e r o  s t r e s s  a r e  q u i t e  c l o s e
t o  t h e  v a l u e s  o b t a in e d  b y  r e s i s t a n c e  m e a s u re m e n t  m e th o d s .
(33)A r n e d o  an d  A h l e r s  r e p o r t  t h a t  t h e  Mg v a l u e s  o b t a in e d  b y
s u c h  e x t r a p o l a t i o n  p r o c e d u r e  i n  C u - Z n  a l l o y s  c o r r e s p o n d e d  t o
b u r s t - t y p e  m a r t e n s i t e ,  w h ic h  h a s  a  lo w e r  M v a l u e  t h a n  t h es
c o r r e s p o n d in g  t h e r m o - e l a s t i c  m a r t e n s i t e . ,  - F ro m  t h e  a g r e e m e n t
b e tw e e n  t h e  M v a l u e s  o b t a in e d  b y  r e s i s t a n c e  m ethods a n d  t e n s i l e  s  J
t e s t  m e th o d s  i n  t h e  C u -Z n -M n  s y s t e m ,  i t  a p p e a r s  t h a t  t h e  s t r e s s  
in d u c e d  m a r t e n s i t e  i n  t h e  C u-Zn -M n  s y s t e m  c o r r e s p o n d s  t o  t h e  
t h e r m o - e l a s t i c  m a r t e n s i t e .
P  ■> M6 .3  EN TR O PY  CHANGE A S  O F TH E M A R T E N S IT IC
TRA N SFO RM A T IO N  IN  C u -Z n -M n  A L L O Y S
T h e  e n t r o p y  c h a n g e s  a t t e n d a n t  on  m a r t e n s i t i c  t r a n s f o r m a t i o n
i n  C u-Zn-M n  a l l o y s  d e d u c e d  f r o m  t e n s i l e  t e s t  a n d  c a l o r i m e t r i c
d a t a  a r e  l i s t e d  i n  T a b l e s  5 .6  a n d  5 . 7 ,  a n d  a r e  c o m p a re d  w i t h  
P  -*• Mt h e  AS v a l u e s  o b t a in e d  f o r  t h e  s y s t e m s  C u - Z n , C u - Z n - A l ,
a n d  A g - C u -C d  i n  T a b l e  6 . 1 .
( O o) p -> M
A h l e r s  a n d  A r n e d o '00 r e p o r t  t h a t  t h e  v a l u e  o f  A S
i s  in d e p e n d e n t  o f  c o m p o s i t io n  i n  C u - Z n  a l l o y s .  T h e  r a n g e  o f
v a l u e s  o b s e r v e d  b y  th e m  o c c u r r e d  e v e n  i n  s i n g l e  c r y s t a l s  o f  t h e
sam e c o m p o s i t io n ,  a n d  t h e y  a t t r i b u t e  t h e  s c a t t e r  t o  e x p e r im e n t a l
error, because there was no evidence to account for any
TABLE 6.1
p -H M
C o m p a r is o n  o f  A S  v a l u e s  m  v a r i o u s  s y s t e m s
s h o w in g  t h e r m o - e l a s t i c  m a r t e n s i t i c  t r a n s f o r m a t i o n .
S y s t e m R a n g e  o f  A S  
J / m o l / ° K
R e m a rk s R e f e r e n c e
C u - Z n 1 .0 4  - 1 .3 3 A l l o y s  i n  t h e  r a n g e  
3 8 .2 %  t o  4 0 .7 %  Z n .
(3 3 )
A u - A g - C d  . 0 .8  - 1 .3 3 F o r  a l l o y s  i n  t h e  
r a n g e  x^ g = 0  - 4 0 .
A s  q u e n c h e d  a n d  a g e d .
(7 1 )
C u-Zn-M n 0 .8 6  - 1 .3 3 F o r  a l l o y s  w i t h  
Mn = 0 .5  - 1 0 % .
A s  q u e n c h e d  a n d  a g e d .
P r e s e n t
w o rk
C u - Z n - A l 1 .4 9 F o r  a l l o y s  w i t h  
63 : 6 C u / 2 7 . 4  Z n /  
9 .0  A l .
C a l c u l a t e d  
f ro m  d a t a  
(1 3 0 )
A u ” C d 4 7 .5 2 .2 6 - (1 2 2 )
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d i f f e r e n c e  i n  t h e  s t r u c t u r e  o f  m a r t e n s i t e ,  w h e t h e r  t h e r m a l l y  
in d u c e d  o r  s t r e s s  in d u c e d .  I t  h a s  b e e n  e s t a b l i s h e d  t h a t  t h e  
t h e r m a l  m a r t e n s i t e ,  t h e  s t r e s s  in d u c e d  m a r t e n s i t e ,  a n d  t h e
(too)
s t a b i l i s e d  m a r t e n s i t e  a l l  h a v e  t h e  sam e 3 R  s t r u c t u r e  ,
P-> jyi
a n d  t h e  e n t r o p y  c h a n g e  AS i s  in d e p e n d e n t  o f  h e a t
(71 )t r e a t m e n t  i n  C u - Z n - A l a l l o y s .  N a k a n i s h i  e t  a l  h a v e
P  -*■ Mr e p o r t e d  t h a t  t h e  r a n g e  o f  * AS v a l u e s  f o r  t h e  s y s t e m
A g - A u - C d  i s  u n a f f e c t e d  b y  c o m p o s i t io n  a n d  h e a t  t r e a t m e n t .
I n  t h e  p r e s e n t  w o r k ,  i t  h a s  n ow  b e e n  d e m o n s t r a t e d  t h a t  t h e
P
s y s t e m  C u-Zn-M n  a l s o  e x h i b i t s  a  r a n g e  o f  AS v a l u e s
w h ic h  a r e  u n a f f e c t e d  b y  c o m p o s i t io n  a n d  h e a t  t r e a t m e n t .  T h e  
f a c t  t h a t  t h e  e n t r o p y  c h a n g e  i s  in d e p e n d e n t  o f  t h e  a g e in g  
t r e a t m e n t  c o n f i r m s  t h a t  i n  a l l  t h e s e  s y s t e m s  t h e  m a r t e n s i t e  
i n h e r i t s  t h e  o r d e r  o f  t h e  g - p h a s e .
6 .4  E F F E C T  O F LOW T EM PER A T U R E  A G E IN G
6 . 4 !  C h a n g e s  i n  t r a n s f o r m a t i o n  t e m p e r a t u r e s
T h e  t r a n s f o r m a t i o n  t e m p e r a t u r e s  a r e  i n c r e a s i n g l y  
a f f e c t e d  b y  lo w  t e m p e r a t u r e  a g e in g  t r e a t m e n t s  a s  t h e  m a n g a n e s e  
c o n t e n t  i s  r a i s e d .  H o w e v e r ,  t h e s e  c h a n g e s  a r e  n o t  p e rm a n e n t  
a s  lo n g  a s  t h e  t e m p e r a t u r e - t im e  c o m b in a t io n  e x c lu d e s  t h e  
b a i n i t i c  t r a n s i t i o n .  F ro m  F i g s . 4 .2  t o  4 . 5 ,  4 .8  t o  4 .1 0 ,  ..and 4 . 1 4 ,  
i t  c a n  b e  s e e n  t h a t  a l l  t h e  t r a n s f o r m a t i o n  t e m p e r a t u r e s  
(Mg , A g , A f ) i n c r e a s e  w i t h  t h e  t e m p e r a t u r e  o f  h e a t  t r e a t m e n t .
T h e  r e s u l t s  o f  lo w  t e m p e r a t u r e  a g e in g  t r e a t m e n t  sho w n  i n  
F i g s .  4 .2  and 4 .8  t o  4 ! 0  a r e  t y p i c a l  o f  t h e  k i n d  o f  c h a n g e s  
p r o d u c e d .  A t t e n t i o n  w i l l  t h e r e f o r e  b e  f o c u s e d  on  t h e  r e s u l t s  
o b t a in e d  on  a l l o y s  6 0 .8  C u / 3 0 . 0  Zn /  9 .2  Mn ( a t . % )  (A 9 ) , a n d
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6 0 .0  C u / 3 0 . 0  Z n / 1 0 . 0  Mn ( a t . % )  (A  10 ) w h ic h  h a v e  n e a r  
a b o u t  t h e  sam e m a n g a n e s e  c o n t e n t .  T h e  r e s i s t a n c e  v s  t e m p e r a t u r e  
t r a c e s  a f t e r  v a r i o u s  p e r i o d s  o f  t im e  a t  7 0 °G  f o r  t h e  
6 0 .8  C u / 3 0 . 0  Z n / 9 . 2  Mn a l l o y  (A  9 ) sh o w  t h a t  t h e  a r e a  
e n c lo s e d  b y  t h e  t r a n s f o r m a t i o n  c u r v e  b e co m e s  p r o g r e s s i v e l y  
s m a l l e r  w i t h  t im e  o f  a g e in g .  T h e  t r a n s f o r m a t i o n  t e m p e r a t u r e s  
i n c r e a s e  up  t o  a  l i m i t  a n d  s t a y  c o n s t a n t  w i t h  f u r t h e r  a g e in g .
L o n g  t im e  room  t e m p e r a t u r e  a g e in g  ( t h r e e  w e e k s )  a f t e r  s u c h  
a  t r e a t m e n t  r e s t o r e s  t h e  o r i g i n a l  a s  q u e n c h e d  v a l u e  o f  t h e  
t r a n s f o r m a t i o n  t e m p e r a t u r e s .  W hen  su ch , a  w e l l  a n n e a le d  
s p e c im e n  i s  g i v e n  a  f l a s h - h e a t i n g  t r e a t m e n t  a t  200 ° C ,  t h e  Mg 
t e m p e r a t u r e  r i s e s  c o n s i d e r a b l y ,  an d  on  a g e in g  a t  room  t e m p e r a t u r e
a p p r o a c h e s  t h e  i n i t i a l  v a l u e  w i t h  a g e in g  t im e  ( F i g .  4 . 4 ) .
P  -+Mcty v s  T  p l o t s  o b t a in e d  f r o m  t e n s i l e  t e s t s  a t  v a r i o u s  
t e m p e r a t u r e s  on  s u c h  w e l l  a n n e a le d  s p e c im e n s  p o i n t  t o  t h e  
sam e t r e n d  i n  Mg c h a n g e s .  F ro m  F i g . 4 .1 0  i t  c a n  b e  s e e n  t h a t  
w h en  a  s p e c im e n  i s  g i v e n  a  f l a s h - h e a t i n g  t r e a t m e n t  a t  ~ 2 0 0 ° C ,  
a  s t r a i g h t  l i n e  p l o t  r e s u l t s  w h ic h . ,  on  e x t r a p o l a t i o n  t o  z e r o  
s t r e s s ,  sh o w s  t h a t  t h e  f l a s h - h e a t e d  s p e c im e n  h a s  a  h ig h e r  Mg 
v a l u e  a s  c o m p a re d  t o  t h e  a s  q u e n c h e d  s p e c im e n ,  e v e n  th o u g h  i t  
i s  n o t  a s  h ig h  a s  t h e  Mg m e a s u re d  w ith -  t h e  r e s i s t a n c e  
t e c h n iq u e  f o r  a  s i m i l a r l y  t r e a t e d  s p e c im e n .  S u b s e q u e n t  a g e in g  
a t  1 0 0 °C  s h i f t s  t h e  l i n e  u p w a rd  w i t h o u t  c h a n g in g  t h e  s l o p e .  
E x t r a p o l a t i o n  t o  z e r o  s t r e s s  g i v e s  a n  Mg v a l u e  w h ic h , i s  
s l i g h t l y  l o w e r  t h a n  t h e  a s  q u e n c h e d  v a l u e .  The. d i f f e r e n c e s  
i n  M v a l u e s  b y  t h e  tw o  t e c h n iq u e s  i s  m a i n l y  d u e  t o  t h e  f a c t  
t h a t  t h e  t im e  e l a p s e d  b e tw e e n  q u e n c h in g  a n d  s u b s e q u e n t  t e s t i n g  
w a s  m uch s h o r t e r  (<  1 m in u t e )  i n  t h e  r e s i s t a n c e  m e th o d , a s  
c o m p a re d  t o  t h e  t e n s i l e  t e s t  m e th o d  ( < 1 0  m in u t e s ) . .  B e a r i n g
a t %  Al  a t %  Mn
\
FIG.6.2 Variation of with Manganese and Aluminium
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i n  m in d  t h i s  d i f f e r e n c e  i n  t e s t i n g  c o n d i t i o n s ,  i t  i s  c o n c lu d e d  
t h a t  t h e  tw o  t e s t i n g  m e th o d s  c o n f i r m  t h e  sam e t r e n d  i n  Mg 
c h a n g e s  w i t h  lo w  t e m p e r a t u r e  a g e in g ,  n a m e ly  t h a t  Mg i n c r e a s e s  
w i t h  t e m p e r a t u r e  o f  a g e in g .
6 . 4 . 2  R o le  o f  o r d e r i n g
T h e  e f f e c t  o f  lo w  t e m p e r a t u r e  a g e in g  o f  w e l l  a n n e a le d  
s p e c im e n s  on  t h e  t r a n s f o r m a t i o n  t e m p e r a t u r e  c a n  be. d i s c u s s e d  
i n  t h e  l i g h t  o f  o b s e r v e d  s t r u c t u r a l  c h a n g e s  i n  C u - Z n  8 - p h a s e
/1 I Q \
a l l o y s  r e p o r t e d  b y  S .G . C u p s h a lk  a n d  N .B r o w n  w h ic h
e s s e n t i a l l y  r e f l e c t  d i s o r d e r i n g .  T h e y  h a v e  shown, t h a t  s p e c im e n s  
q u e n c h e d  f ro m  b e lo w  t h e  o r d e r i n g  t e m p e r a t u r e  T h a v e  n o  
a n t i p h a s e  d o m a in s , a n d  s u b s e q u e n t  r e h e a t i n g  o f  t h e  s p e c im e n s  
t o  a  t e m p e r a t u r e  b e lo w  T c  a p p e a r s  t o  r e s u l t  i n  no  o t h e r  c h a n g e  
e x c e p t  a  c h a n g e  i n  t h e  d e g r e e  o f  lo n g - r a n g e  o r d e r .  A  s i m i l a r  
s i t u a t i o n  c a n  now  b e  in v o k e d  t o  e x p l a i n  t h e  o b s e r v e d  r e s u l t s  
o f  lo w  t e m p e r a t u r e  a g e in g  i n  t h e  C u-Zn -M n  a l l o y s .
T h e r m o d y n a m ic a l ly  t h e  M c h a n g e s  c a n  b e  a t t r i b u t e d ^ M S ’
t o  c h a n g e s  i n  AGM a n d  T Q . A n  Mg c h a n g e  c a n  r e s u l t  w h en
a n y  o n e  o f  t h e  f o l l o w i n g  c o n d i t i o n s  a r e  s a t i s f i e d ,  n a m e ly :
a )  AG., a n d  T  b o t h  c h a n g e ;  b )  T  i s  c o n s t a n t  a n d  AG..M „ o  3 o  Mss
c h a n g e s ,  o r  c )  AGM i s  c o n s t a n t  a n d  T Q c h a n g e s .  I f
Ms
c o n d i t i o n s  ( a )  o r  (b )  a r e  a s su m e d  t o  o p e r a t e  t h e n  an
P-+MMs c h a n g e  s h o u ld  b e  a c c o m p a n ie d  b y  a  c h a n g e  m  AS
P->-M( i . e . )  a  c h a n g e  i n  t h e  s lo p e  o f  t h e  v s  T  c u r v e s .
F ro m  F i g .  4 .1 0  i t  c a n  b e  s e e n  t h a t  w e l l  a n n e a le d  s p e c im e n s , 
d o  n o t  sh o w  a  s lo p e  c h a n g e  o n  f l a s h  h e a t i n g  t o  a  t e m p e r ­
a t u r e  b e lo w  T c  (A 2 / B 2 ) a n d  s u b s e q u e n t  lo w  t e m p e r a t u r e  a g e in g .  
T h i s  a d d e d  t o  t h e  f a c t  t h a t  a l l  t h e  t r a n s f o r m a t i o n  t e m p e r a t u r e s  
s h i f t  i n  t h e  sam e d i r e c t i o n  t o  t h e  sam e d e g r e e  l e a d s  t o  t h e  
c o n c l u s i o n  t h a t  lo w  t e m p e r a t u r e  a g e in g  s h i f t s  o n l y  T 0 an d  
d o e s  n o t  a f f e c t  AG., . T h i s  s h i f t  i n  T 0 _______
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a f t e r  d i f f e r e n t  a g e in g  t r e a t m e n t s  i s  npw  d i r e c t l y  a t t r i b u t a b l e  
t o  d i s o r d e r i n g  e f f e c t s .  S i n c e  i n  a l l  t h e s e  a l l o y s  o n l y  an  
i n c r e a s e  i n  Mg i s  o b s e r v e d  w i t h  t e m p e r a t u r e  o f  a g e in g ,  i t  
m ean s  t h a t  d i s o r d e r e d  a l l o y s  h a v e  a  h i g h e r  M t h a n  t h e  
c o r r e s p o n d in g  o r d e r e d  a l l o y s .  T h i s  i s  i n  c o n t r a s t  t o  t h e  
s i t u a t i o n  fo u n d  i n  C u - Z n - A l s y s t e m s  w h e re  d i s o r d e r e d  a l l o y s  
h a v e  a  lo w e r  Mg a s  c o m p a re d  t o  o r d e r e d  a l l o y s  ( F i g . 6 . 2 ) .
T h i s  d i f f e r e n c e  i n  r e s p o n s e s  t o  h e a t  t r e a t m e n t  i n  t h e  tw o  
s y s te m s  C u-Zn-M n  a n d  C u - Z n - A l ,  a s  w i l l  b e  sho w n  l a t e r ,  i s  d u e  
t o  t h e  r e l a t i v e  m a g n it u d e s  o f  t h e  o r d e r i n g  e n e r g i e s  i n  t h e  
6- a n d  a - p h a s e s  b e in g  d i f f e r e n t  i n  t h e  tw o  s y s t e m s .
6 . 4 . 3  R o le  o f  a n t i p h a s e  b o u n d a r ie s
T h e  e f f e c t  o f  lo w  t e m p e r a t u r e  h e a t  t r e a t m e n t  o n  a s  q u e n c h e d
s p e c im e n s ,  a s  d e t e r m in e d  b y  t e n s i l e  t e s t s ,  a r e  show n  i n  F i g .
P  M4 . 9 .  T h e  a T v s  T  p l o t s  o b t a in e d  f o r  t h e  60 C u  /  30 Zn /
10 Mn ( a t . % )  (A  10 ) a l l o y  i n  t h e  a s  q u e n c h e d  c o n d i t i o n  a n d  i n  
t h e  a g e d  c o n d i t i o n  sh o w  t h a t  t h e  s t r a i g h t  l i n e  p l o t  o b t a in e d  
f o r  t h e  a s  q u e n c h e d  s p e c im e n  i s  a l t e r e d  on  a g e in g  a t  1 0 0 °C  f o r  
a n  h o u r ,  t o  y i e l d  a  c u r v e  t h a t  c a n  b e  t h o u g h t  o f  a s  tw o  s t r a i g h t  
l i n e s  w i t h  d i f f e r e n t  s l o p e s  i n t e r s e c t i n g  a t  a  p o i n t .  T h i s  
f e a t u r e  p e r s i s t s  e v e n  a f t e r  lo n g  a g e in g  a t  1 0 0 °C ,  t h e  o n l y  
d i f f e r e n c e  b e in g  t h a t  t h e  p o i n t  o f  i n t e r s e c t i o n  o f  t h e  tw o  
co m p o n e n t s t r a i g h t  l i n e s  i s  d i f f e r e n t  i n  t h i s  c a s e .  T h e  a b s e n c e  
o f  s u c h  ' k i n k s '  i n  t h e  c a s e  o f  w e l l  a n n e a le d  s p e c im e n s  g i v e n  
a g e in g  t r e a t m e n t  ( F i g * 4 ! 0 )  s u g g e s t s  t h e  p o s s i b l e  i n f l u e n c e  o f  
som e q u e n c h e d - in  d e f e c t s  i n  t h e  a s  q u e n c h e d  s p e c im e n s .
C u p s h a lk  an d  B r o w n h a v e  sho w n  t h a t ,  i n  8 - b r a s s ,  a  l a r g e
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n u m b e r  o f  n o n - e q u i l i b r i u m  v a c a n c i e s  a r e  c r e a t e d  a n d  r e t a i n e d  
o n  q u e n c h in g  f r o m  a b o v e  t h e  o r d e r i n g  t e m p e r a t u r e .  A n t i p h a s e  
d o m a in  b o u n d a r i e s  a r e  a l s o  p r o d u c e d ,  a n d  t h e  e x c e s s  v a c a n c i e s  
t e n d  t o  s e g r e g a t e  t o  t h e  A P B ' s  s o  p r o d u c e d . ‘ A g e in g  o f  t h e  
q u e n c h e d  s p e c im e n  i s  f o u n d  t o  r e s u l t  i n  d i s l o c a t i o n  n u c l e a t i o n  
p r e d o m in a n t l y  a t  t h e  A P B ' s .  S i m i l a r  A P B  p r o d u c t i o n  a n d  
e x c e s s  v a c a n c y  r e t e n t i o n  a r e  q u i t e  l i k e l y  i n  C u -Z n -M n  a l l o y s  
o n  q u e n c h in g  f r o m  a b o v e  t h e  o r d e r i n g  t e m p e r a t u r e  T  ( A 2 / B 2 ) . 
T h e  A P B 's  a n d  t h e  v a c a n c i e s  c a n  b e  e x p e c t e d  t o  p l a y  a  s i g n i ­
f i c a n t  r o l e  i n  a f f e c t i n g  t h e  n u c l e a t i o n  o f  m a r t e n s i t e ^ ^ 2
T h e  n e t  e f f e c t  o f  a g e in g  a i f t e r  q u e n c h  i s  t h e  a l t e r i n g  o f  
t h e  A P B 'e n e r g y  b y  p r o m o t in g  d i f f u s i o n  o f  e x c e s s  v a c a n c i e s ,
A P B  m o v e m e n ts ,  a n d  d i s o r d e r i n g  a p p r o p r i a t e  t o . t h e  a g e in g  
t e m p e r a t u r e .  T h e  p l o t s  o f  F i g .  4 . 9 ‘ c o r r e s p o n d in g  t o  t h e  
c a s e s  o f  o n e  h o u r  a n d  65 h o u r s  a g e in g  a t  1 0 0 °C ,  r e s p e c t i v e l y ,  
r e f l e c t  t h e  c o m b in e d  i n f l u e n c e  o f  a l l  t h e  f a c t o r s  m e n t io n e d  
a c t i n g  s i m u l t a n e o u s l y  t o  c h a n g e  t h e  A P B  e n e r g y  a n d  t h e r e b y  
t h e  t r a n s f o r m a t i o n  c h a r a c t e r i s t i c s .  I t  c a n  b e  r e a s o n a b l y  
i n f e r r e d  t h a t  F i g .  4 .9  r e p r e s e n t s  t h e  i n t e r m e d i a t e  s i t u a t i o n s  
b e f o r e  f u l l  e l i m i n a t i o n  o f  A P B S a n d  e x c e s s  v a c a n c i e s  a r e  
a c h i e v e d .  H o w e v e r  o n c e  a g e in g  h a s  p r o c e e d e d  t o  a  l e v e l  
w h e r e  a l l  t h e  A P B S a n d  e x c e s s  v a c a n c i e s  h a v e  b e e n  e l i m i n a t e d ,  
s u b s e q u e n t  lo w  t e m p e r a t u r e  a g e in g  t r e a t m e n t s  a l t e r  o n l y  t h e  
d e g r e e  o f  d i s o r d e r  t h e  e f f e c t s  o f  w h i c h  h a v e  b e e n  d i s c u s s e d  
i n  t h e  p r e v i o u s  s e c t i o n .  . -
6.5 CORRELATION OF ORDERING THEORY WITH EXPERIMENT
6 . 5 !  G e n e r a l
I n  t h e  c a l c u l a t i o n s  l e a d i n g  t o  f r e e  e n e r g y  e s t im a t e s  
i n  C u - Z n  a n d  C u-Zn -M n  s y s t e m s  i n  C h a p t e r  5 ,  i t  w a s  t a c i t l y  
a s su m e d  t h a t  i n  a d d i t i o n  t o  t h e  A 2 /B 2  o r d e r i n g  t r a n s i t i o n ,  
a  f u r t h e r  t r a n s i t i o n ,  B2  -> D 03 / L 2 1 s h o u ld  o c c u r  i n  b o t h  
C u - Z n  b i n a r i e s  a n d  t h e  a s s o c i a t e d  t e r n a r i e s .  T h e  p r e s e n t  
r e s u l t s  w i l l  now  b e  e x a m in e d  t o  s e e  how  f a r  t h e y  s u b s t a n t i a t e  
t h e  e x i s t e n c e  o f  a  s e c o n d a r y  o r d e r i n g  r e a c t i o n  i n  t h e  s y s t e m  
C u -Z n -M n . T h e n  t h e  i m p l i c a t i o n s  o f  t h e  f r e e  e n e r g y  a n a l y s i s  
w i l l  b e  d i s c u s s e d .
6 . 5 . 2  E v id e n c e  f o r  (DO^/ O ! ^ ) -»• B2  t r a n s i t i o n
i n  C u - Z n  a n d  C u-Zn -M n  a l l o y s
T h e  m a in  e x p e r im e n t a l  t e c h n iq u e s  t h a t  c a n  b e  e m p lo y e d  
f o r  d e t e c t i o n  o f  t h e  s e c o n d a r y  o r d e r i n g  t r a n s f o r m a t i o n  
(D 0 3/ L 2 ^ )  -> B2  a r e  r e s i s t a n c e  m e a s u re m e n t  w i t h  t e m p e r a t u r e  
a n d  d i f f e r e n t i a l  t h e r m a l  a n a l y s i s .  E v e n  t h o u g h ,  t h e o r e t i c a l l y ,  
i t  s h o u ld  b e  p o s s i b l e  t o  d e t e c t  o r d e r  b y  X - r a y  d i f f r a c t i o n ,  
i t  i s  d i f f i c u l t  t o  do  s o  i n  t h e  s y s t e m  C u - Z n  a n d  C u-Zn-M n  
b e c a u s e  o f  t h e  c l o s e  p r o x im i t y  o f  t h e  a t o m ic  n u m b e rs  o f  t h e  
c o m p o n e n ts  i n v o l v e d .  T h e  sam e i s  t r u e  f o r  e l e c t r o n  d i f f r a c t i o n  
m e th o d , e v e n  t h o u g h  i t  i s  p o s s i b l e  t o  u t i l i s e  s e l e c t e d  a r e a  
d i f f r a c t i o n ,  a s  h a s  b e e n  show n  b y  R a p a c i o l i  a n d  A h l e r s ^ 4  ^ • 
t o  s u b s t a n t i a t e  i n  an  i n d i r e c t  w a y  t h e  e x i s t e n c e  o f  t h e  
B2  ->D03/ L 2 p t r a n s i t i o n  i n  0 - C u - Z n - A l a l l o y s  o r i g i n a l l y  i n d i c a t e d  
b y  r e s i s t a n c e  m e a s u r e m e n ts .  R e i s t o m e t r i c  o r  c a l o r i m e t r i c  
i n v e s t i g a t i o n s  d i r e c t e d  s o l e l y  t o w a r d s  d e t e c t i n g  t h e  B2  ->DC>3/ L 2 ^  
t r a n s i t i o n  i n  b i n a r y  C u - Z n  o r  t e r n a r y  C u - Z n - X  0 - p h a s e s  o t h e r
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t h a n  C u - Z n - A l h a v e  n o t  b e e n  r e p o r t e d ,  e v e n  th o u g h  s u c h  
i n v e s t i g a t i o n s  t o  d e t e c t  o r d e r i n g  c h a n g e s  i n  t h e  c o r r e s p o n d in g  
a - p h a s e s  h a v e  b e e n  c a r r i e d  o u t  i n  C u - A l  a n d  C u - Z n  s y s t e m s .  
W a r l im o n t  e t  a l ^ 1 2 0 ) r e p o ^  e s c  i n v e s t i g a t i o n s  o f  s h o r t - r a n g e  
o r d e r  i n  a - C u - A l a l l o y s ,  a n d  t h e i r  DSC  t r a c e s  on  a - C u - A l 
a l l o y s  sho w  t h a t  t h e  SRO  d e s t r u c t i o n  i s  a s s o c i a t e d  w i t h  a  
t y p i c a l  s e c o n d - o r d e r  t r a n s f o r m a t i o n  t r a c e  o b t a i n a b l e  on  a  D S C . 
C la r e b o r o u g h  e t  a l ^ 1 0 ^  h a v e  a l s o  o b t a in e d  s i m i l a r  s e c o n d - o r d e r  
DSC t r a c e s  f o r  s h o r t - r a n g e  o r d e r  d e s t r u c t i o n  i n  a - b r a s s e s .
F i g u r e  : 4 .1 3  s h o w s  t h a t  t h e  8 ~ p h a .se  a l l o y s  o f  C u - Z n . 
a n d  C u-Zn-M n  a l s o  e x h i b i t  s u c h  t r a c e s .  S i n c e  th e 8  - p h a s e  i s  
c o m p le t e l y  o r d e r e d  o n  q u e n c h in g  a n d  s u b s e q u e n t  a g e in g  a t  room  
t e m p e r a t u r e ,  t h e r e  i s  n o  q u e s t i o n  o f  SRO  d e s t r u c t i o n  on  
h e a t i n g  i n  t h e  lo w  t e m p e r a t u r e  r a n g e .  N e i t h e r  i s  t h e r e  a  
p o s s i b i l i t y  o f  a  b a i n i t i c  r e a c t i o n ,  s i n c e  t h e  t e m p e r a t u r e  r e g i o n  
a t  w h ic h  t h e  t r a n s f o r m a t i o n  i s  d e t e c t e d  (.80 t o  1 5 0 °C )  i s  w e l l  
b e lo w  t h e  b a i n i t i c  t r a n s i t i o n  t e m p e r a t u r e .  S o  i t  seem s 
r e a s o n a b le  t o  i n f e r  t h a t  t h e  t r a n s f o r m a t i o n  i n d i c a t e d  b y  t h e  
c h a n g e  i n  s lo p e  o f  t h e  DSC  t e a c e  i n  t h e  8“ C u - Z n  a n d  8” C u -Z n -M n  
a l l o y s  i s  in d e e d  a s s o c i a t e d  w i t h  t h e  S e c o n d a r y  o r d e r i n g  
t r a n s i t i o n  D C ty/ I^ ^  -+ B 2 . T h e  r e s u l t s  o f  r e s i s t a n c e  m e a s u re m e n ts  
w i t h  i n c r e a s i n g  t e m p e r a t u r e  i n  t h e  C u - Z n  b i n a r y  a l l o y ,  
r e p o r t e d  b y  H u m m e l^   ^ ( F i g . 2 . 1 8 ) ,  a l s o  s h o w  t h a t  t h e r e  i s  
an  i n c r e a s e  i n  r e s i s t i v i t y  b y  a b o u t  3% i n  t h e  sam e t e m p e r a t u r e  
r e g i o n ,  w h ic h  i s  c o n s i s t e n t  w i t h  t h e  in t e r p r e t a t io n  o f  t h e  DSC t r a c e s  
a s  d u e  t o  DCty+B2 d i s o r d e r i n g .  c o n n e c t i o n ,  i t  i s  t o
b e  o b s e r v e d  t h a t  DSC s e e m s  t o  b e  as  s e n s i t i v e  a  m e th o d  a s  
r e s i s t a n c e  m e a s u re m e n ts  f o r  d e t e c t i n g  s u c h  t r a n s i t i o n s  i n
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a l l o y s  w h e r e  X - r a y  o r  e l e c t r o n  m i c r o s c o p i c  m e th o d s  a r e  m ade
i
d i f f i c u l t  b y  c l o s e  a t o m ic  n u m b e rs  o f  t h e  c o m p o n e n t  e le m e n t s  
i n v o l v e d .
I n  a d d i t i o n  t o  t h e  i n d i c a t i o n  o f  t h e  s e c o n d a r y
o r d e r i n g  t r a n s i t i o n s ,  t h e  DSC  t r a c e s  i n d i c a t e  a  h e a t  e v o l u t i o n
c o n s e q u e n t  on  q u e n c h in g  f ro m  i n t e r m e d i a t e  t e m p e r a t u r e s  ( F i g . 4 .15 ) .
The DSC t r a c e s  f o r  - a l l o y s  A l , A 3 ,  a n d  A4 sh o w  t h a t  t h e r e  i s  a n
e v o l u t i o n  o f  h e a t  w hen  a  s a m p le  q u e n c h e d  f r o m  a b o v e  B2->-D03/ L 2 ^
t r a n s i t i o n  t e m p e r a t u r e s  i s  r e h e a t e d  t o  a b o v e  ro o m  t e m p e r a t u r e .
T h i s  c o n f i r m s  t h e  o b s e r v a t i o n  b y  B ro w n ^ 3 2 *^ t h a t  i t  i s  p o s s i b l e
t o  q u e n c h  i n  som e d e g r e e  o f  d i s o r d e r  i n  C u - Z n  I f  t h e  q u e n c h in g
t e m p e r a t u r e  i s  i n  t h e  r a n g e  100 - 3 5 0 °C .  The h e a t  e v o lu t io n  i n  Cu-Zn-IIn
a l lo y s  when such  quenched-in  d i s o r d e r  was e l i m i n a t e d  ( d u r in g  s u b s e q u e n t
h e a t i n g ) , i s  o f  t h e  o r d e r  o f  12 - 25 J / m o l e .  I t  i s  l e s s  t h a n
V l Qt h  o f  t h e  e s t im a t e d  h e a t ,  a s s o c i a t e d  w i t h .  DCty -> B2  t r a n s i t i o n ,
( s e e  S e c . 6 . 5 . 4 )
~ 300 J / m o l  ( F i g . 5 .1 0 - 5 .1 2  tyw h ich  i s  in  m a rk e d  c o n t r a s t  t o '  t h e  
m uch l a r g e r  v a l u e s  o f  h e a t  e v o l u t i o n  fo u n d  i n  q u e n c h e d  C u - Z n - A l 
a l l o y s  (5 0  -  150 J / m o l ) .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n  
t h a t  i t  i s  e a s i e r  t o  r e t a i n  a  g r e a t e r  d e g r e e  o f  d i s o r d e r  i n
(124)a l l o y s  c o n t a i n i n g  t r i v a l e n t  i o n s  t h a n  i o n s  o f  lo w e r  v a l e n c y  
S i n c e  i t  h a s  b e e n  e s t a b l i s h e d  t h a t  m a n g a n e s e  b e h a v e s  l i k e  z i n c  
i n  a f f e c t i n g  t h e  Mg , i t  i s  r e a s o n a b le  t o  p r e s u m e  t h a t  t h e  
r a p i d  d i f f u s i o n  r a t e s  i n  C u - Z n  a r e  n o t  s i g n i f i c a n t l y  r e d u c e d
«
b y  m a n g a n e s e  a d d i t i o n .  B e c a u s e  o f  r a p i d  d i f f u s i o n ,  q u e n c h in g  
a f t e r  a g e in g  a b o v e  t h e  B3  *> D 0 3/ L 2 ^  t r a n s i t i o n  t e m p e r a t u r e  i n  
C u-Zn-M n  a l l o y s  d o e s  n o t  p r o d u c e  m a r k e d ly  d i f f e r e n t  s t r u c t u r e s  
f ro m  t h o s e  p r o d u c e d  f ro m  q u e n c h in g  a f t e r  a g e in g  a t  lo w e r  
t e m p e r a t u r e s .
96
We s h a l l  f i r s t  c o n s i d e r  t h e  f r e e  e n e r g y  c u r v e s  o b t a in e d  
b y  t h e  r i g o r o u s  m e th o d  f o r  t h e  t h r e e  a l l o y s  o f  c o m p o s i t io n  
60 C u  /  40 Z n ,  6 1 .5  C u / 3 8 . 5  Z n ,  a n d  63 C u  /  37 Z n ,  r e s p e c t i v e l y .
T h e  t h r e e  i n t e r s e c t i o n  p o i n t s ,  T ^ ° ,  T 2 ° /  an<  ^ T 3 ° *  c o r r e s p o n d  
t o  t h e  e q u i l i b r i u m  s i t u a t i o n s  FC C d l s  J  BCC  FC C d d s  J  B C C o r d ,
a n d  F C C ° r d  Z B C C o r d , r e s p e c t i v e l y .  T h e  t h i r d  i n t e r s e c t i o n
p o i n t ,  T - ° ,  c a n  b e  a s s u m e d  t o  b e  e q u a l  t o  M s i n c e  t h e  J s
t r a n s f o r m a t i o n  i s  t h e r m o - e l a s t i c  w i t h  a  v e r y  lo w  h y s t e r s i s
a n d  a  lo w  v a l u e  o f  e l a s t i c  s t o r e d  e n e r g y ,  an d  t h e  m a r t e n s i t i c
s t r u c t u r e  c a n  b e  c o n s id e r e d  a s  FC C  w i t h  s t a c k i n g  f a u l t s
w h o s e  c o n t r i b u t i o n  t o  t h e  f r e e  e n e r g y  o f  FC C  i s  n o t  l i k e l y  
( S e e  S e c . 5 . 8 . 3 )
t o  b e  v e r y  h ig h .  T h e  v a r i a t i o n  o f  t h e  t h r e e  i n t e r s e c t i o n
p o i n t s  w i t h  c o m p o s i t io n  c l e a r l y  r e p r o d u c e s  b o t h  t h e
r e t r o g r a d e  s o l i d u s ^  s o  c h a r a c t e r i s t i c  o f  t h e s e  a l l o y s ,  a n d
t h e  v a r i a t i o n  o f  M w i t h  z i n c  c o n t e n t  ( F i g . 6 . 3 ) .  T h e  p r e s e n c es
o f  t h r e e  c r i t i c a l  t r a n s i t i o n  p o i n t s  c l e a r l y  p l a c e s  s e v e r e
c o n s t r a i n t s  o n  t h e  i n p u t  d a t a ,  a n d  i t  i s  s u r p r i s i n g  t h a t  s u c h  
a  g o o d  f i t  c a n  b e  o b t a i n e d  m e r e l y  b y  u t i l i s i n g  t h e  o r d e r i n g  
d a t a ,  p h a s e  s t a b i l i t y  i n f o r m a t i o n ,  a n d  a  s i n g l e  a d d i t i o n a l  
p a r a m e t e r  w h i c h ,  i n  t h e  r a n g e  37 -  40% Z n ,  t u r n s  o u t  t o  b e  a  
d e s t a b i l i s a t i o n  o f  t h e  a - p h a s e  b y  ~ 440 J / m o l .  S u c h  a  v a l u e  
i s  c o n s i s t e n t  w i t h  t h e  m a g n it u d e  o f  e x p e c t e d  e l e c t r o n i c  ( AGe ^e c ^
/1 o c )
c o n t r i b u t i o n s  f r o m  B r i l l o u i n  Z o n e  e f f e c t s  . A l t h o u g h
t h e  i n t e r s e c t i o n s  o f  t h e  f r e e  e n e r g y  c u r v e s  a r e  o b v i o u s l y  
v e r y  s e n s i t i v e  t o  t h e  e n t r o p y  d i f f e r e n c e  b e tw e e n  t h e  p h a s e s ,  
t h e  c h o s e n  v a l u e s  o f  A S G u a ^ 8 (2 . 5 1  J / m o l/ k )  o n l y  d i f f e r s  b y
0 .8 3  f ro m  K a u f m a n 's  v a l u e ,  a n d  i s  v i r t u a l l y  i d e n t i c a l  t o  t h e  
v a l u e  p r o p o s e d  b y  K u l k a r n i  ° * 2E  ^ ( 2 . 8 0  J / m o l/ k . ) .  T h e  f r e e  
e n e r g y  c u r v e s  ( F ig s ,5 .8 - 5 .9 ) o b t a in e d  b y  a d o p t in g  t h e  p o l y n o m ia l
6.5.3 Essential features of the free energy curves
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F I G . 6 .3  : V a r i a t i o n  o f  e q u i l i b r i u m  t e m p e r a t u r e s
T-j0  , T 2°  , a n d  T 3°  w i t h  c o m p o s i t io n  i n  
C u - Z n  s y s t e m  ( c a l c u l a t e d )
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a p p r o x im a t io n  f o r  t h e  o r d e r i n g  e n e r g y  d i f f e r  f r o m  t h e  r i g o r o u s  
o n e s  i n  p r e d i c t i n g  t h e  p r e c i s e  v a l u e s  o f  t h e  t h r e e  t r a n s i t i o n  
t e m p e r a t u r e s  a n d  t h e  ' d e s t a b i l i s a t i o n  e n e r g y 1 ^ Ge i e c *
T h i s  i s  b e c a u s e  o f  t h e  i n h e r e n t  e r r o r  i n  t h e  p o l y n o m ia l  
a p p r o x im a t io n  m e n t io n e d  i n  S e c t i o n  3 . 6 . 4 .  H o w e v e r ,  t h i s  d o e s  
n o t  a l t e r  t h e  m a in  c o n c l u s i o n s  d e r i v e d  o n  t h e  b a s i s  o f  t h e  
r i g o r o u s  c a l c u l a t i o n s .
T h e  f r e e  e n e r g y  c u r v e s  c a l c u l a t e d  f o r  t h e  t e r n a r y  a l l o y s
b y  a d o p t in g  t h e  p o l y n o m ia l  a p p r o x im a t io n  sh o w  t h e  sam e f e a t u r e s
a s  t h e  b i n a r i e s ,  i . e .  t h e r e  a r e  t h r e e  i n t e r s e c t i o n s  c o r r e s p o n d in g
t o  t h r e e  t r a n s i t i o n s  a t  T 2 ° '  a n d  T 3 °  <cesP e c t i-v e l Y '  S in c e  the
e x p e r im e n ta L i ju a s i- b in a r y  s e c t i o n s  o f  C u-Z n -M n  u p  t o  10% Mn sho w  ( F i g .
2 .2 4
e s s e n t i a l l y  t h e  sam e r e t r o g r a d e  s o l u b i l i t y  c h a r a c t e r i s t i c  o f  
t h e  b i n a r y  C u - Z n  p h a s e  d ia g r a m ,  t h e  p r e d i c t i o n  o f  t h r e e  t r a n s i ­
t i o n  t e m p e r a t u r e s  b y  t h e  p r e s e n t  c a l c u l a t i o n s  i n  t h e  t e r n a r y  
a l l o y s  c o n f i r m s  t h e  v a l i d i t y  o f  t h i s  a p p r o a c h  a n d  j u s t i f i e s  t h e  
a s s u m p t io n s  m a d e . T h e  v a l u e  o f  t h e  d e s t a b i l i s i n g  e n e r g y  
(A G e ^e c ) i s  h ig h e r  t h a n  t h e  c o r r e s p o n d in g  v a l u e  f o r  t h e  b i n a r y  
a l l o y  (6 0 0  J / m o l ) , b u t  i s  s t i l l  w i t h i n  t h e  r a n g e  o f  t h e  
e x p e c t e d  e l e c t r o n i c  c o n t r i b u t i o n s  f ro m  B r i l l o u i n  Z o n e  e f  f e c t s  ^ .
Two p o s s i b l e  s o u r c e s  f o r  s u c h  a  d i f f e r e n c e  a r e  :
(1 )  I n h e r e n t  e r r o r  i n  p o l y n o m ia l  a p p r o x im a t i o n .
i
(2 )  E l e c t r o n i c  c o n t r i b u t i o n  f r o m  m a n g a n e s e  m ay n o t  b e  e q u a l  
t o  t h a t  o f  z i n c .
It is difficult to separate these effects at the present stage.
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6 . 5 . 4  P r e d i c t i o n  f ro m  t h e  f r e e  e n e r g y  c u r v e s  
o f  t h e  e f f e c t  o f  lo w  t e m p e r a t u r e  a g e in g
I t  h a s  a l r e a d y  b e e n  s u g g e s t e d  t h a t  t h e  Mg c h a n g e s  
o b s e r v e d  o n  lo w  t e m p e r a t u r e  a g e in g  o f  t h e  8 - p h a s e  c a n  b e  
a s s o c i a t e d  w i t h  d i s o r d e r i n g  i n  t h e  8 - p h a s e .  A  s p e c i f i c  e x a m p le  
o f  a l l o y  60 Cu  /  40 Z n ,a g e d  a t  5 0 0 °K  an d  q u e n c h e d  t o  room  
t e m p e r a t u r e ,  w i l l  b e  c o n s id e r e d .  A s s u m in g  t h a t  t h e  d i s o r d e r  
c o r r e s p o n d in g  t o  50 0 ° K  i s  p r e s e n t  on  q u e n c h in g ,  t h e  BCC f r e e  
e n e r g y  p l o t  h a s  b e e n  o b t a in e d  a n d  i s  sh o w n  i n  F i g . 6 , 4 .  S i n c e  
t h i s  d i s o r d e r  i s  i n h e r i t e d  b y  t h e  m a r t e n s i t e  o n  s u b s e q u e n t  
c o o l i n g ,  t h e  f r e e  e n e r g y  c u r v e  f o r  t h e  FC C  p h a s e  r e f l e c t s  
t h i s ,  a n d  i s  sh o w n  i n  t h e  sam e f i g u r e .  T h e  f i r s t  i n t e r s e c t i o n  
o f  t h e  BCC a n d  FCC  c u r v e s  c o r r e s p o n d s  t o  Mg . T h e  Mg 
v a l u e s  so  o b t a in e d  f o r  d i f f e r e n t  q u e n c h in g  t e m p e r a t u r e s  a r e  
p l o t t e d  i n  F i g .  6 . 5 .  I t  c a n  b e  s e e n  t h a t  s u b s t a n t i a l  i n c r e a s e s  
i n  Mg w i t h  t e m p e r a t u r e  o f  a g e in g  a r e  p r e d i c t e d ,  m uch l a r g e r  
t h a n  t h o s e  o b s e r v e d  e x p e r i m e n t a l l y ,  e . g . ,  f o r  t h e  60 C u  /  40 Zn 
a l l o y  , t h e  r i s e  p r e d i c t e d  i s  b y  a b o u t  1 9 0 °K  w h e n  q u e n c h e d  
f ro m  4 7 5 °K ,  a s  c o m p a re d  t o  t h e  a c t u a l  e x p e r im e n t a l  v a l u e  o f  
w 1 2 °K .  T h i s  i s  a c t u a l l y  t o  b e  e x p e c t e d ,  s i n c e  we h a v e  a l r e a d y  
s e e n  t h a t  t h e  d i s o r d e r  in d u c e d  a t  4 7 5 °K  i s  n o t  c o m p le t e l y  
r e t a i n e d  ( s e e  S e c t i o n  6 . 5 . 2 ) .  T h i s  s m a l l  a m o u n t o f  r e t a i n e d  
d i s o r d e r  i s  c o n s i s t e n t  w i t h  t h e  c o r r e s p o n d in g  s m a l l  v a l u e  o f  AM .o
T h e  s i t u a t i o n  r e m a in s  m o re  o r  l e s s  t h e  sam e i n  t e r n a r y  
C u-Zn -M n  a l l o y s ,  w h e r e  t h e  r e t a i n e d  d i s o r d e r  o n  q u e n c h in g  i s  
o f  a  s i m i l a r  o r d e r  a n d  t h e  Mg r i s e s ,  a s  d e t e r m in e d  b y  D S C , 
a r e  a l s o  s i m i l a r .  Now t h e  q u e s t i o n  a r i s e s  a s  t o  w h e t h e r  p a r e n t  
p h a s e  d i s o r d e r i n g  w i l l  a lw a y s  r e s u l t  i n  M e l e v a t i o n .  U n d e r
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F I G . 6 .4  : FC C  a n d  BCC  f r e e  e n e r g y  c u r v e s  f o r
c o m p o s i t io n  60  C u  /  40 Z n  c o r r e s p o n d in g  
t o  r e t a i n e d  d i s o r d e r  f ro m  5 0 0 °K .
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Quenching T e m p er a t u r e  ° K
F I G . 6 .5  : Mg v a r i a t i o n  w i t h  q u e n c h in g  t e m p e r a t u r e
f o r  c o m p o s i t io n  60 Cu  /  40 Zn a s s u m in g  r e t a i n e d  
d i s o r d e r  c o r r e s p o n d in g  t o  t h e  q u e n c h in g  t e m p e r a t u r e .
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t h e  c o n d i t i o n s  w h e re  t h e  p r o d u c t  p h a s e  a lw a y s  i n h e r i t s  t h e  
o r d e r  o f  t h e  p a r e n t  p h a s e ,  a n y  d i s o r d e r i n g  o f  t h e  8- p h a s e  
w i l l  r e s u l t  i n  a  r i s e  o f  Mg p r o v id e d  t h e  o r d e r i n g  e n e r g y  
o f  t h e  a - p h a s e  i s  s m a l l e r  t h a n  t h e  o r d e r i n g  e n e r g y  o f  t h e  
8 - p h a s e .  T a b le  6 .2  sh o w s  t h e  c a l c u l a t e d  o r d e r i n g  e n e r g i e s  o f  
8- an d  a - p h a s e s  a t  ° K  i n  o n e  C u - Z n  a n d  o n e  C u-Zn -M n  a l l o y .
I t  c a n  b e  s e e n  t h a t  i n  b o t h  c a s e s  t h e  o r d e r i n g  e n e r g y  f o r  
t h e  a - p h a s e  i s  lo w e r  t h a n  t h e  c o r r e s p o n d in g  o r d e r i n g  e n e r g y  
f o r  t h e  8“ p h a s e ,  a n d  s o  i t  i s  n o t  s u r p r i s i n g  t h a t  a n y  d i s o r d e r  
r e t a i n e d  i n  t h e  8 ~ p h a s e  a s  a  r e s u l t  o f  lo w  t e m p e r a t u r e  a g e in g  
t r e a t m e n t  r e s u l t s  i n  e l e v a t i n g  t h e  Mg i n  b o t h  C u - Z n  a n d  
C u-Zn-M n  a l l o y s .
T A B L E  6 .2  
C o m p a r is o n  o f  O r d e r in g  E n e r g i e s .
A d i s  -+ o r dllK'J ^G-d is  -> o r d
C o m p o s i t io n  
( i n  a t . % )
O r d e r in g  e n e r g y  
o f  8- p h a s e  ( J / m o l )
O r d e r in g  e n e r g y  
. o f  a - p h a s e  ( J / m o l )
60 Cu  /  40 Zn - 3138 - 1196
60 C u /3 0  Z n /1 0  Mn - 2577 - 1217
I n  C u - Z n - A l a l l o y s ,  w h e r e  t h e  p r o d u c t  p h a s e  a l s o  i n h e r i t s  *
t h e  o r d e r  o f  t h e  p a r e n t  p h a s e ,  Mg i s  d e p r e s s e d  b y  d i s o r d e r i n g
t h e  p a r e n t  p h a s e .  T h i s  s h o u ld  m ean  t h a t  t h e  o r d e r i n g  e n e r g y
o f  t h e  a - p h a s e  i n  C u - Z n - A l a l l o y s  m u s t  b e  g r e a t e r  t h a n  t h a t  o f
t h e  c o r r e s p o n d in g  8 - p h a s e  ( s e e  t h e  r e c e n t l y  p u b l i s h e d  w o r k  o f
(1 2 9 )A h l e r s  an d  R a p a c i o l i  ) o r  som e s i m i l a r  e f f e c t  d u e  t o  c h a n g e s
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o f  t h e  e l e c t r o n i c  c o n t r i b u t i o n  m u s t  o c c u r  a s  a  r e s u l t  o f  
o r d e r i n g .  A  s i m i l a r  s i t u a t i o n  p r o b a b l y  p r e v a i l s  i n  A u - A g - C d  
a n d  C u - A l- N i  a l l o y s  t h a t  sho w  c o m p a r a b le  a g e in g  b e h a v io u r  t o  
C u - Z n - A l .  B e c a u s e  o f  l o w e r  d i f f u s i o n  r a t e s ,  q u e n c h in g  f ro m  
h ig h e r  t e m p e r a t u r e  r e s u l t s  i n  h i g h e r  r e t e n t i o n  o f  d i s o r d e r  
i n  t h e s e  s y s t e m s ,  a s  c o m p a re d  t o  C u - Z n  o r  C u - Z n - M n . On a g e in g  
t h e  p a r e n t  p h a s e  a t  lo w  t e m p e r a t u r e ,  t h e  o r d e r  c o r r e s p o n d in g  
t o  t h e  a g e in g  t e m p e r a t u r e  i s  r e s t o r e d ,  r a i s i n g  t h e  M . A c c o r d in gb
t o  t h e  f r e e  e n e r g y  c u r v e ,  t h e r e  s h o u ld  b e  n o  q u a l i t a t i v e  
d i f f e r e n c e  b e tw e e n  d i s o r d e r  i n  t h e  D 0 3/ L 2 p l a t t i c e  a n d  s u b s e q u e n t  
f u r t h e r  d i s o r d e r i n g  o f  t h e  B 2 l a t t i c e .  T h e  f u l l  e f f e c t  o f  
8 - d is o r d e r  i s  d i f f i c u l t  t o  s t u d y  b e c a u s e  r a p i d  a - p h a s e  p r e c i p i ­
t a t i o n  o c c u r s  a t  h i g h e r  t e m p e r a t u r e s .
6 .6  S IG N IF IC A N C E  O F TH E A SSU M ED  EN ER G Y  PA R A M ET ER S
T h e  a g re e m e n t  b e tw e e n  t h e  e x p e r i m e n t a l l y  o b s e r v e d  a n d  
p r e d i c t e d  b e h a v io u r  o f  t h e  m a r t e n s i t i c  t r a n s f o r m a t i o n  i n  t h e  
C u - Z n  a n d  C u-Zn-M n  s y s t e m s  o n  t h e  b a s i s  o f  t h e  f r e e  e n e r g y  
c a l c u l a t i o n s  c a n  b e  t a k e n  t o  j u s t i f y  t h e  s e v e r a l  a s s u m p t io n s  
m ade r e g a r d in g  t h e  o r d e r i n g  t e m p e r a t u r e s  ( s e e  S e c t i o n .5 .5  a n d  5 .6 )  
a n d  t h e  h e a t s  o f  f o r m a t i o n  sh o w n  i n  T a b le  6 . 3 .
T A B L E  6 .3
S y s t e m B  C
a h P c =o .
c
k
_ K J / m o lD .
F C C  
A.HF # ^  c i | j/ m o l
C u - Z n - 1 0 .5 - 8 .5
M n-Zn - 6 .3 - 1 5 .0
Cu-Mn - 4 .2 + 3 .0
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FCC  p h a s e s  d i f f e r s  b y  - 2 . 0 ,  + 8 . 7 ,  a n d  - 7 . 2  K J/ m o l  i n  t h e
t h r e e  b i n a r i e s  C u - Z n , M n - Z n , a n d  C u -M n , r e s p e c t i v e l y .  I n
t h e  c a s e  o f  C u - Z n , i t  i s  w e l l  w i t h i n  t h e  e r r o r  l i m i t s  a s su m e d
b y  M ie d e m a  , w h e r e a s  t h e  o t h e r  tw o  v a l u e s  d i f f e r  c o n s i d e r a b l y
f ro m  t h e s e  l i m i t s .  I t  i s  a l s o  s i g n i f i c a n t  t h a t  t h e  c a l c u l a t e d  
f o r m a t io n  e n e r g y  o f  t h e  m e t a s t a b l e  8-Cu-M n p h a s e  i s  a c t u a l l y  
o f  a  d i f f e r e n t  s i g n  t h a n  t h a t  o f  t h e  FC C  p h a s e .
T h e  o r d e r i n g  t e m p e r a t u r e s  f o r  t h e  FCC  p h a s e s  o f  C u - Z n  
a n d  C u-M n , w h ic h  h a v e  b e e n  a s su m e d  f ro m  i n d i r e c t  e x p e r im e n t a l  
e v id e n c e ,  c a n n o t  b e  f a r  a w a y  f ro m  t h e  a c t u a l  o r d e r i n g  t e m p e r a ­
t u r e s  s i n c e  t h e  f r e e  e n e r g y  c u r v e s  b a s e d  o n  th e m  l e a d  t o  
r e a s o n a b le  p r e d i c t i o n s .  I n  t h i s  c a s e ,  o n e  w o u ld  p r e d i c t  no  
c h e m ic a l  lo n g - r a n g e  o r d e r i n g  i n  a-C u-M n  i n  t h e  v i c i n i t y  o f  
C u^M n , a s  t h e  a ssu m e d  o r d e r i n g  t e m p e r a t u r e  i s  0 ° K .  T h i s  see m s  
t o  b e  e x p e r im e n t a l l y  b o r n e  o u t  b y  t h e  f a c t  t h a t  lo n g  t im e  
a n n e a l in g  a t  lo w  t e m p e r a t u r e s  o f  a-C u^M n  d o e s  n o t  r e s u l t  i n  
a n y  i n c r e a s e  o f  o r d e r . ^ s  f o r  t h e  C u - Z n  s y s t e m ,  t h e  
o r d e r i n g  t e m p e r a t u r e  f o r  a - C u ^ Z n  i s  l i k e l y  t o  b e  lo w e r  t h a n  
2 7 5 ° K ^ 0 8  ^ , b u t  n o t  c o m p le t e l y  n o n - e x i s t e n t  ( a s  i n  Cu-M n ) .
It can be seen that the formation energy of BCC and
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M a r t e n s i t i c  t r a n s f o r m a t i o n  i n  t h e  s y s t e m  C u-Z n -M n  h a s  
b e e n  i n v e s t i g a t e d  w i t h  a  v i e w  t o  d e t e r m in in g  t h e  r o l e  o f  
o r d e r  i n  i n f l u e n c i n g  t h e  t r a n s f o r m a t i o n  c h a r a c t e r i s t i c s .
T h e  e x p e r im e n t a l  r e s u l t s  a n d  t h e o r e t i c a l  c a l c u l a t i o n s  l e a d  
t o  t h e  f o l l o w i n g  c o n c l u s i o n s .
(1 )  T h e  e f f e c t s  o f  m a n g a n e s e  on  t h e  m a r t e n s i t i c  t r a n s f o r m ­
a t i o n  c h a r a c t e r i s t i c s  i n  t h e  s y s t e m  C u -Z n  a r e  e s s e n t i a l l y  
t h e  sam e a s  t h o s e  o f  z i n c .
(2 )  A  s e c o n d a r y  o r d e r i n g  t r a n s f o r m a t i o n  B2  •+ D 0 3/ L 2 ^  e x i s t s  
a t  lo w  t e m p e r a t u r e s  i n  b i n a r y  a n d  t e r n a r y  8- p h a s e s  o f  C u - Z n  
a n d  C u-Zn-M n  s y s t e m s ,  r e s p e c t i v e l y ,  i n  a d d i t i o n  t o  t h e  h ig h  
t e m p e r a t u r e  A2 *+ B2  o r d e r i n g  t r a n s f o r m a t i o n .  T h e  r a p i d  
d i f f u s i o n  c h a r a c t e r i s t i c s  o f  C u - Z n  a l l o y s  a r e  n o t  a f f e c t e d  b y  
m a n g a n e s e  a d d i t i o n s .
(3 )  A g e in g  a n d  q u e n c h in g  f ro m  a b o v e  t h e  B2  *+D03/ L 2 ^  t r a n s ­
f o r m a t io n  t e m p e r a t u r e  d o e s  n o t  r e s u l t  i n  m a r k e d ly  d i f f e r e n t  
s t r u c t u r e s  c o m p a re d  t o  a g e in g  a t  lo w e r  t e m p e r a t u r e s .  H o w e v e r ,  
i t  i s  s t i l l  p o s s i b l e  t o  r e t a i n  a  c e r t a i n  a m o u n t o f  d i s o r d e r
b y  s u c h  q u e n c h in g  p r o c e d u r e s  w h ich -  a n n e a l s  o u t  v e r y  f a s t  on  
f u r t h e r  a g e in g  a t  lo w  t e m p e r a t u r e s .
(4 )  T h e  e f f e c t s  o f  lo w  t e m p e r a t u r e  a g e in g  on  t h e  m a r t e n s i t i c  
t r a n s f o r m a t i o n  t e m p e r a t u r e  c a n  b e  a s s o c i a t e d  w i t h  
d i s o r d e r i n g  e f f e c t s .  T h e  m a r t e n s i t e  i n h e r i t s  t h e  o r d e r  o f
t h e  p a r e n t  p h a s e  u n d e r  s u c h  c i r c u m s t a n c e s ,  a n d  d i s o r d e r i n g  o f  
t h e  8 - p h a s e  w i l l  r e s u l t  i n  a  r i s e  o f  M p r o v id e d  t h e  o r d e r i n g
e n e r g y  o f  t h e  m a r t e n s i t i c  p h a s e  i s  s m a l l e r  t h a n  t h e  o r d e r i n g  
e n e r g y  o f  t h e  6- p h a s e .
(5 )  F r e e  e n e r g y  c a l c u l a t i o n s  m ade b y  c o m b in in g  o r d e r i n g  
d a t a  f o r  b o t h  FCC  a n d  BCC  p h a s e s , w i t h  a  r e g u l a r  s o l u t i o n  
m o d e l a n d  p h a s e  s t a b i l i t i e s ,  c o n f i r m s  t h i s  I s  t o  b e  t h e  c a s e  
f o r  b i n a r y  C u -Z n  a n d  C u -Z n -M n  a l l o y s .
(6 )  U s e f u l  f r e e  e n e r g y  c u r v e s  c a n  b e  o b t a in e d  f ro m  
o r d e r i n g  d a t a ,  p h a s e  s t a b i l i t y  i n f o r m a t i o n ,  a n d  a  s i n g l e  
a d d i t i o n a l  p a r a m e t e r  w h ic h  t a k e s  i n t o  a c c o u n t  t h e  e x p e c t e d  
e l e c t r o n i c  c o n t r i b u t i o n  f r o m  B r i l l o u i n  z o n e  e f f e c t s .
(7 )  T h e  f r e e  e n e r g y  c u r v e s  f o r  t h e  B B C  a n d  FCC p h a s e s
o f  b i n a r y  C u - Z n  a n d  t e r n a r y  C u -Z n -M n  a l l o y s  c r o s s  t h r e e  t i m e s , 
w h i c h  i s  i n  c o n f o r m i t y  w i t h  t h e  kn o w n  p h a s e  e q u i l i b r i u m  i n  
C u - Z n  a n d  C u-Zn-M n  a l l o y s .  T h e  v a r i a t i o n  o f  t h e  t h r e e  i n t e r ­
s e c t i o n  p o i n t s  w i t h  c o m p o s i t i o n  c l e a r l y  r e p r o d u c e s  b o t h  t h e  
r e t r o g r a d e  s o l i d u s  s o  c h a r a c t e r i s t i c  o f  t h e s e  a l l o y s  a n d  t h e  
v a r i a t i o n  o f  Mg w i t h  z i n c  c o n t e n t .
(8 )  L o w  t e m p e r a t u r e  a g e in g  e f f e c t s  a r e  n o t  p e r m a n e n t ,  
a n d  t e n d  t o  a n n e a l  o u t  w i t h o u t  p r o d u c in g  a n y  m a jo r  c h a n g e .
(.9) T h e  e n e r g y  p a r a m e t e r s  d e d u c e d  f o r  FC C  Cu-M n a l l o y s  
m ake  i t  u n l i k e l y  t h a t  a  t r u e  c h e m ic a l  lo n g - r a n g e  o r d e r i n g  
t r a n s f o r m a t i o n  e x i s t s  i n  a-C u^ M n  a l l o y .
(1 0 ) I n  s h a p e  m em ory d e v i c e s  u s in g  C u - Z n - A l a l l o y s  t h e  
s e n s i t i v i t y  o f  Ms t o  lo w  t e m p e r a t u r e  a g e in g  m ay b e  a  d r a w b a c k .  
A d d i t i o n  o f  Mn t o  t h e  C u - Z n - A l a l l o y  i s  l i k e l y  t o  r e d u c e  
t h i s  s e n s i t i v i t y  t o  lo w  t e m p e r a t u r e  a g e in g  i n  s u c h  a p p l i c a t i o n s .
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S i n c e  Mg i s  d e p r e s s e d  b y  a g e in g  t r e a t m e n t s  i n  t h e  
C u - Z n - A l s y s t e m ,  t h e  o r d e r i n g  e n e r g y  o f  t h e  6 - p h a s e  m u s t  b e  
s m a l l e r  t h a n  t h a t  o f  t h e  a - p h a s e .  S i m i l a r  c a l c u l a t i o n s  o n  
t h e  l i n e s  a d o p te d  f o r  t h e  C u-Zn-M n  s y s t e m  s h o u ld  b e  p e r f o r m e d  
t o  s e e  w h e t h e r  i t  i s ,  i n d e e d ,  t h e  c a s e  i n  t h i s  s y s t e m .  T h e  
s y s t e m s  C u - Z n - N i a n d  C u - M n - A l c a n  b e  s t u d i e d  t o  t e s t  w h e t h e r  
t h e  a p p r o a c h  a d o p te d  h e r e  c a n  b e  u t i l i s e d  t o  s u c c e s s f u l l y  
e x p l a i n  t h e  o r d e r i n g  b e h a v io u r  a n d  t h e  e f f e c t s  o n  m a r t e n s i t i c  
t r a n s f o r m a t i o n s  i n  s y s t e m s  f o r  w h ich-  v e r y  l i t t l e  a d d i t i o n a l  
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